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Abstract 
The main focus of my work has been the role of the MRN in the S-phase DNA 
damage checkpoint.  The MRN plays many roles in cellular metabolism; some are 
checkpoint dependent and some are checkpoint independent.  The multiple roles in 
cellular metabolism complicate study of the role of the MRN in the checkpoint. MRN 
mutations in budding yeast and mammals may display separation of function. 
Mechanistically, MRN, along with its cofactor Ctp1, is involved in 5’ resection to create 
single stranded DNA that is required for both signaling and homologous recombination. 
However, it is unclear if resection is essential for all of the cellular functions of MRN.  
Therefore I have made mutations to mimic those in budding yeast and mammals.  I found 
that several alleles of rad32, as well as ctp1Δ, are defective in double-strand break repair 
and most other functions of the complex but maintain an intact S-phase DNA damage 
checkpoint. Thus, the MRN S-phase checkpoint role is separate from its Ctp1- and 
resection-dependent role in double-strand break repair.  This observation leads me to 
conclude that other functions of MRN, possibly its role in replication fork metabolism, 
are required for S-phase DNA damage checkpoint function.   
 One of the potential roles of Rad32 and the rest of the MRN complex is in sister 
chromatid exchange. The genetic requirements of sister chromatid exchange have been 
examined using unequal sister chromatid assays which only are able to assay exchanges 
that are illegitimate and produce changes in the genome. Most sister chromatid exchange 
must be equal to maintain genomic integrity and thus far there is no good assay for equal 
sister chromatid exchange.  Yeast cells expressing the human equilibrative nucleoside 
 viii 
transporter 1 (hENT1) and the herpes simplex virus thymidine kinase (tk) are able to 
incorporate exogenous thymidine into their DNA.  This strain makes it possible for the 
fission yeast DNA to be labeled with halogenated thymidine analogs.  This strain is being 
used to design an assay that will label one sister with BrdU and then DNA combing will 
be used to see equal sister chromatid exchange.  
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Chapter I  
Introduction-DNA Damage Checkpoints and MRN 
 2 
Why study DNA damage checkpoints?  
 During each and every cell cycle, the genome must be maintained, faithfully 
duplicated and segregated to daughter cells in an error free manner.  Genomic DNA is 
constantly being damaged by both exogenous and endogenous sources including ionizing 
radiation (IR), ultraviolet (UV) light, chemicals, drugs, metabolites and inherent damage 
from cellular activities.  Checkpoints are regulatory programs that protect cells from the 
consequences of damage.  Cells employ checkpoints to cope with the stresses of a harsh 
world; when activated, checkpoints preserve genomic stability and ultimately prevent 
cancer in metazoans (Hartwell and Kastan, 1994).  
 Cell cycle checkpoints are signal transduction pathways that link cell cycle 
progression to the timely and accurate completion of prior events.  Checkpoints provide 
mechanisms for recognizing damage, initiating and coordinating repair (Bartek et al., 
2004).  The DNA damage checkpoints temporarily arrest cell cycle progression to allow 
cellular functions to be completed or damage to be repaired.  Checkpoints arrest cells in 
the G1 and G2 gap phases of the cell cycle, increase transcription of DNA replication and 
repair genes, and slow replication in S phase in response to DNA damage.  The specific 
response elicited by DNA damage depends on which point of the cell cycle the damage 
occurred and when the damage was recognized (Elledge, 1996).  The checkpoint 
surveillance mechanism not only ensures the accurate segregation of genetic material and 
repair of DNA damage but also prevents cell cycle progression if cells do not meet 
specific cell size, mass and nutrition requirements (Abraham, 2001).  This work focuses 
on those events associated with DNA metabolism in the fission yeast 
 3 
Schizosaccharomyces pombe (Figure I-1).  
Without such checkpoints cells replicate damaged DNA.  Genetic damage 
threatens cells survival and in metazoans can lead to developmental abnormalities, organ 
failure, immunodeficiency, tumorigenesis and other pathological effects (Abraham, 2001; 
Branzei and Foiani, 2008).  
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Figure I-1 Schizosaccharomyces pombe cell cycle and major DNA damage 
checkpoints.  
 During S or synthesis phase of the cell cycle the DNA is replicated to create two 
complete copies of the genome.  In M phase or mitosis the two copies of the genome are 
separated and after cytokinesis they are in two new cells.  These two active phases are 
separated by two Gap phases that allows the cell to grow.  S. pombe, unlike budding yeast 
and most other organisms, spends most of its time in the G2 phase of the cell cycle and 
G1 barely exists. Cells immediately enter S phase upon nuclear division as cells are 
already large enough to begin replicating.  Fission yeast has three major DNA damage 
checkpoints; G2/M, S/M and the S-phase DNA damage checkpoint.   
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Cells Employs Four Different DNA Damage Checkpoints 
Each cell cycle the cell must employ these checkpoints to ensure that the genome 
is duplicated faithfully. Cells employ several major checkpoints to preserve genomic 
integrity. The G1-S, S-M, and G2-M DNA Damage checkpoints halt the cell cycle until 
the damage is repaired and then the cell cycle is allowed to continue.  The S-phase DNA 
damage checkpoint slows replication of damaged DNA. 
The G1-S checkpoint ensures that the genome is intact and that the cells have 
reached sufficient size for entry into the S or ‘synthesis’ phase of the cell cycle.  This 
checkpoint allows the cell time for repair of damage sustained during G1. Cells in G1 
contain only a single copy of the genome and thus are restricted to specific types of 
repair. When there is no sister to use as a template for error-free repair, the cell is forced 
to use error-prone methods of repair such as non-homologous end joining (NHEJ).  To 
avoid propagating errors produced from such repair, the G1-S checkpoint can promote 
apoptosis or programmed cell death.  For a multi-cellular organism it is more beneficial 
to kill a cell with grievous errors in the DNA rather than propagate it.  
Two additional checkpoints arrest the cell cycle in response to DNA damage and 
unreplicated DNA.  The G2-M checkpoint prevents mitosis in the presence of DNA 
damage ensuring that undamaged and identical copies of the genome exist prior to 
chromosomal segregation. This checkpoint is critical for repair of damaged chromosomes 
prior to their segregation.  G2 is an ideal time for repair of damage as there are two full 
copies of the genetic material.   
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The S-M checkpoint prevents mitosis in the presence of unreplicated DNA, also 
allowing cells to complete replication prior to segregation of chromosomes. This 
replication checkpoint is initiated when replication forks are stalled due to nucleotide 
depletion or chemical inhibition of the polymerases.  The S-M checkpoint acts to ensure 
cells do not attempt to divide with less than two complete copies of the genome.   
The final checkpoint, the S-phase DNA damage checkpoint, acts during the 
synthesis phase of the cell cycle and slows replication in response to damage incurred 
during replication.  DNA metabolism during S-phase is highly complex and requires the 
utmost precision to ensure error-free DNA duplication and to prevent the creation of 
DNA breaks during this vulnerable stage of the cell cycle. The S-phase DNA damage 
checkpoints slow replication in the presence of DNA damage but do not prevent it 
completely (Rowley et al., 1999).  My work focuses on this checkpoint. 
 
Signaling Pathways  
DNA damage checkpoints represent complex signaling cascades initiated by 
recognition of DNA lesions. The specific checkpoint elicited by DNA damage depends 
on two signifiers: the phase of the cell cycle in which the damage occurred and when the 
damage was recognized.  However, the actual signaling mechanisms elicited by DNA 
damage are similar (Elledge, 1996). In general, damage is detected by sensor kinases that 
phosphorylate and activate transducer kinases.  Transducer kinases phosphorylate and 
regulate downstream effectors including repair proteins, transcription factors and cell 
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cycle components.  The activation of the pathway promotes several outcomes: DNA 
repair, cell cycle arrest and sometimes apoptosis (Figure I-2).   
The PIKK Signaling Cascade 
Sensor proteins recognize the DNA damage and activate the central checkpoint 
kinases, the phosphoinositide-3-kinase related kinases (PIKKs), which phosphorylate 
downstream targets (Abraham, 2001).  In general, the PIKKs are first recruited to the site 
of DNA damage by sensor proteins, then activated either through direct interaction with 
the DNA or through collaboration with other factors (Branzei and Foiani, 2008).  
Mediator proteins then facilitate PIKK activation of downstream transducer kinases 
through direct protein-protein interactions.  Finally, downstream effector kinases are 
activated causing either arrest or slowing of the cell cycle (Melo and Toczyski, 2002).  
PIKK Phenotypes in Humans 
An early paper about DNA damage checkpoint kinases dates back to Painter and 
Young’s 1980 discovery that primary cells from patients suffering from Ataxia-
Telangiectasia (AT), a hereditary disease marked by radio-sensitivity and a predisposition 
to cancer, were unable to slow replication in response to ionizing radiation (IR) to the 
same extent as wild-type controls (Painter and Young, 1980).  They called this reduced-
response phenotype, radio-resistant DNA synthesis (RDS).  Later these patients were 
discovered to harbor mutations in the PIKK ATM (Ataxia-Telangiectasia Mutated 
protein), the central checkpoint kinase responsible for checkpoint activation in response 
to ionizing radiation.    
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Figure I-2 Signaling Cascades 
Sensor kinases detect DNA damage directly or through collaboration with other 
factors and initiate signaling cascades.  Adaptors or mediators promote phosphorylation 
of transducer kinases by the sensor kinases.  Transducer kinases phosphorylate 
downstream effector proteins, which regulate cell cycle progression, induce transcription 
and promote DNA repair mechanisms.  
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Conservation of Checkpoint Signaling 
In humans, cell cycle checkpoint signaling occurs through ATM and the related 
PIKK ATR (A-T and Rad3 related protein) (Abraham, 2001).  The homologues of these 
proteins in yeast are Tel1 and Mec1 in Saccharomyces cerevisiae and Tel1 and Rad3 in 
Schizosaccharomyces pombe, respectively.  Table 1.1 shows the major DNA damage 
checkpoint kinases and components in S. pombe, S. cerevisiae and metazoans.  Mutations 
in many of these checkpoint proteins result in disease in humans (Table I-1). 
Following Checkpoint Signaling Down the Cascade 
Sensor Kinases 
In humans, a bifurcation in checkpoint response to DNA damaging agents has 
been shown. Damaging agents that cause double strand breaks such as ionizing radiation 
and radiomimetic drugs such as bleomycin activate ATM while agents that interfere with 
replication fork progression causing fork stalling such as hydroxyurea, ultraviolet light, 
methyl methane sulfonate and thymidine activate ATR (Hurley and Bunz, 2007).  Despite 
the importance of ATM in metazoans, and sequence similarity between metazoan ATM 
and yeast Tel1, it appears that Tel1 plays a minor role in checkpoint activity while Rad3 
performs the major role in the DNA damage checkpoint response to all types of DNA 
damaging agents (Bentley et al., 1996; Nyberg et al., 2002).  Recent work does show 
Tel1 to play a minor checkpoint role in DSB response and promotes telomere stability 
(Nakamura et al., 2004).  The same is true in budding yeast (Harrison and Haber, 2006). 
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Transducer Kinases 
The sensor kinases phosphorylate and activate two downstream transducer 
kinases, Cds1 (Chk2) and Chk1.  Cds1 and Chk1 are activated by different types of DNA 
damage or are activated during different phases of the cell cycle.  In S. pombe, Cds1 is 
activated only in and during S phase in response to damage while Chk1 is activated 
during G2.  Transducer kinases are responsible for propagating the checkpoint signal and 
activating downstream effectors.  
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Table I-1 Proteins Involved in DNA Damage Checkpoints in Yeast and Humans 
Function Fission yeast Budding yeast  Humans Associated Human 
Disease 
PIKK Rad3 Mec1 ATR Ataxia-Telangiectasia 
PIKK Tel1 Tel1 ATM Seckel Syndrome 
ATR-interacting 
protein 
Rad26 Ddc2 ATRIP  
Adaptors Crb2 Rad9 53BP1, MDC1 
BRAC1 
Breast Cancer 
 Mrc1 Mrc1 Claspin  
Rad17 Rad24 Rad17  RFC like  
proteins Rfc2-5 Rfc2-5 Rfc2-5  
Rad9 Rad17 Rad9  
Rad1 Ddc1 Rad1  
Damage   
recognition 
9-1-1 Hus1 Mec1 Hus1  
MRN Rad32 Mre11 Mre11 A-T Like Disorder 
 Rad50 Rad50 Rad50  
 Nbs1 Xrs2 Nbs1 Nijmegen Breakage 
Syndrome 
Chk1 Chk1 Chk1  Transducer  
Kinase Cds1 Rad53 Chk2 Li-Fraumeni 
Syndrome 
MRN cofactor Ctp1 Sae2 CtIP  
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Checkpoint Mechanisms  
G2 Checkpoint Purpose and Mechanism  
 After completing replication, cells in G2 must fulfill cell growth requirements and 
prepare chromosomes for progression into and through mitosis.  To ensure each daughter 
cell inherits a faithful copy of the genome, cells must repair any outstanding DNA 
damage prior to the separation of homologous chromosomes. The G2 DNA damage 
checkpoint allows repair of any DNA damage that has occurred to the DNA during this 
gap phase as well as any damage remaining from replication.  Upon activation, the G2 
DNA damage checkpoint down regulates the cell cycle dependant kinase Cdc2 activity.  
In order for Cdc2 to become active and drive the cells into and through mitosis, Cdc2 
must be dephosphorylated (Gould and Nurse, 1989).  In S. pombe, the Mik1 and Wee1 
kinases are responsible for maintaining the inhibitory phosphorylation of Cdc2 at tyrosine 
15 (Gould and Nurse, 1989; Featherstone and Russell, 1991; Lee et al., 1994; Parker et 
al., 1992; Lundgren et al., 1991; Russell and Nurse, 1987).  This modification is removed 
by the Cdc25 phosphatase allowing for entry into mitosis (Millar et al., 1991; Russell and 
Nurse, 1986).  The G2 DNA damage checkpoint controls the Mik1 kinase and Cdc25 
phosphatase, preventing Cdc25 dephosphorylation of Cdc2 and stabilizing Mik1 (Furnari 
et al., 1997; Baber-Furnari et al., 2000; Rhind et al., 1997; Rhind and Russell, 1998b).  
Figure I-3 shows the G2 checkpoint. 
 
 13 
 
Figure I-3 The G2 DNA Damage Checkpoint Mechanism 
The G2 DNA damage checkpoint provides cells with time to repair DNA prior to 
entry into mitosis.  
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S-phase DNA Damage Checkpoint Mechanism 
Unlike the G2/M, G1-S, and S-M checkpoints, the S-phase DNA damage 
checkpoint does not halt the cell cycle in response to DNA damage.  This checkpoint was 
considered a minor player since it lacked this phenotype.  Also, DNA damage persisting 
beyond S-phase may be repaired during G2 (Orren et al., 1997; Rhind and Russell, 
1998a).  However, it has become increasingly clear that the S-phase DNA damage 
checkpoint plays a very important role in preventing the replication of damaged DNA 
thereby ultimately preserving genomic integrity (Myung et al., 2001; Petrini, 2000).  This 
checkpoint plays a key role in responding to DNA damaging agents whose effects may 
only be recognized during S-phase.  Without this checkpoint, cells would proceed 
through replication without repair resulting in genomic instability, mutation and often cell 
death.  Traditionally, this checkpoint was believed to slow replication providing time for 
repair of DNA damage prior to entrance into G2.  However, Rhind and Russell suggest 
that overall replication is slowed as a consequence of the DNA repair process (Rhind and 
Russell, 2000).  Characterization of the S-phase DNA damage checkpoint is ongoing in 
budding and fission yeasts and metazoan cells.   
Slowing of replication, in response to the S-phase DNA damage checkpoint, is 
produced utilizing two mechanisms in humans: reduced origin firing and reduced fork 
progression rate (Merrick et al., 2004; Henry-Mowatt et al., 2003).  Both pathways are 
required to promote maximal slowing of replication (Falck et al., 2002).  While ATM 
controls both mechanisms it does so in different ways. Figure I-4 shows the parallel 
pathway model. Origin firing is inhibited by preventing the loading of replication factors 
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essential for licensing origins through phosphorylation by Chk2 (Cds1), which renders 
these late origins unable to fire (Merrick et al., 2004).  Replication fork rate may be 
slowed using a second pathway involving ATM phosphorylation of the MRN (Mre11-
Rad50-Nbs1) recombinational repair complex. How this pathway affects this fork 
response remains a mystery.  It is clear that the ATM-MRN pathway contributes a 
significant amount of replication slowing, presumably by retardation of fork progression.  
In metazoans, origin inhibition alone is not enough to account for the amount of slowing 
caused by the checkpoint; in MRN mutant cells, Chk2 activation and prevention of 
Cdc45 loading at sites of origins is normal, indicating that the MRN mutant defect is not 
due to origin deregulation (Falck et al., 2002).  However, in budding yeast, the slowing of 
fork progression occurs independent of the checkpoint proteins Mec1 and Rad53 (the 
transducer kinase in budding yeast) (Tercero and Diffley, 2001).  
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Figure I-4 The S-Phase DNA Damage Checkpoint is Regulated by Two Parallel 
Pathways in Humans 
 
 DNA damage in S phase causes checkpoint regulated slowing of replication in 
human cells.  The replication slowing occurs through both inhibition of origin firing and 
reduction of fork rates.  Origins are regulated by Chk2 inhibition of Cdc25A, which 
prevents the Cdk2-dependent loading of Cdc45.  Cdc45 is required for initiation of 
replication.  The regulation of fork progression requires the MRN complex, Rad51 and 
Xrcc3, which are all recombinational-repair proteins.  
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The requirements for replication slowing in fission yeast differ from those of 
metazoans and budding yeast. In vertebrates, origin firing is regulated by the checkpoint 
though targeting Cdc25A for proteolysis and thus preventing the dephosphoylation and 
activation of S-phase cyclin-dependent kinases such as Cdk2/Cyclin E, which are 
required for origin firing throughout S phase (Costanzo et al., 2000; Falck et al., 2001). 
Unlike metazoans, in fission yeast, Cdc2 (the fission yeast CDK) phosphorylation is not a 
target of the S-phase DNA damage checkpoint (Kommajosyula and Rhind, 2006).  This 
suggests that the fission yeast S-phase DNA damage checkpoint likely regulates 
replication fork progression and that prevention of origin firing plays little if any role in 
DNA damage induced replication slowing.  In addition to directly regulating factors 
influencing replication fork progression and origin firing, it must be noted that the S-
phase DNA damage checkpoint is also responsible for up regulating transcription of S-
phase genes. Cds1 up regulates and maintains S-phase gene transcription in response to 
initial and ongoing DNA damage during replication and replication arrest caused by the 
ribonucleotide reductase inhibitor, hydroxyurea (HU) (Dutta et al., 2008). Figure I-5 
shows the S-phase DNA damage checkpoint in fission yeast. 
In fission yeast, recent work shows that the S-phase DNA damage checkpoint 
regulates replication fork stability; further strengthening the hypothesis that replication 
slowing may be brought about by direct regulation of replication fork metabolism 
(Noguchi et al., 2003; Noguchi et al., 2004).  Replication fork stability upon arrest with 
HU is maintained by Cds1 regulation of at least three proteins: Mus81-Eme1 - a hetero-
dimeric substrate specific endonuclease complex, Rqh1 - RecQ- family helicase involved 
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in suppressing inappropriate recombination during replication and Rad60 - a protein 
required for recombinational repair during replication (Kai et al., 2005; Taylor and 
McGowan, 2008; Boddy et al., 2000; Miyabe et al., 2006).  Mus81 is also required for S-
phase DNA damage checkpoint dependent slowing of S phase progression in fission 
yeast (Willis and Rhind, 2008). 
The MRN recombinational repair complex is required for the S-phase DNA 
damage checkpoint response in both yeasts and metazoans (Falck et al., 2002; Chahwan 
et al., 2003). MRN mutants fail to slow DNA replication in response to DNA damage as 
well as wild type (Chahwan et al., 2003; Young and Painter, 1989).  My research focuses 
on damage repair and checkpoint activation rather than the transcription or fork 
stabilization, though they are all interconnected.  Specifically, I have been studying the 
importance of the MRN complex in the checkpoint. 
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Figure I-5 The S-Phase DNA Damage Checkpoint in Fission Yeast 
 The S-phase DNA damage checkpoint in fission yeast causes slowing of 
progression through S-phase.  This slowing is absolutely dependent on sensor kinase 
Rad3 and transducer kinase Cds1.  MRN plays a role in checkpoint dependent slowing as 
MRN mutants have slowing defects, however it is still unclear exactly what MRN’s role 
is.  
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What is the MRN? 
The MRN is a heterotrimeric complex composed of Mre11 (Rad32 in S. pombe), 
Rad50 and Nbs1 (Carney et al., 1998). (Figure I-6 and I-7)  Originally identified in 
budding yeast as recombinational repair proteins, Rad50 and Mre11 are highly conserved 
in all domains of life.  The third MRN subunit Nbs1, the regulatory subunit of the 
complex, is similar in function to budding yeast Xrs2, though sequence similarity is poor.  
Nbs1 homologues are yet to be identified in bacteria or archea but are present in 
eukaryotes.  The MRN complex is believed to have a 2:2:1 stoichiometry, two Mre11, 
two Rad50 and one NBS1 (Williams et al., 2007).  The degree of conservation of the 
MRN complex between species suggests a critical role in DNA metabolism and repair 
(Lee et al., 2003).  The MRN complex is involved in slowing overall replication in 
response to DNA damage as a component of the S-phase DNA damage checkpoint in 
both humans and fission yeast (Chahwan et al., 2003; Falck et al., 2002).  The MRN 
complex is made up of two Mre11s, two Rad50s with a single Nbs1 (Hopfner et al., 
2001).  Mre11 binds to both Rad50 and Nbs1 but the other two do not directly bind to 
one another (Williams et al., 2007).  
The MRN complex has many roles in DNA metabolism; it plays a role in the S-
phase DNA damage checkpoint and also is critical for efficient recombinational repair of 
DSBs during mitotic growth.  The complex also plays roles in telomere maintenance, 
formation of double strand breaks in meiosis, and a housekeeping role during normal, 
unperturbed replication (Chahwan et al., 2003; Costanzo et al., 2001; Maser et al., 2001; 
Trenz et al., 2006; Wen et al., 2008).  In vertebrates, deletion of any component of 
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complex is lethal (Luo et al., 1999).  While deletion is tolerated in budding and fission 
yeast, the mutants are characterized by slow growth, a lengthened S phase, altered 
recombination preferences, and increased chromosomal instability (Hartsuiker et al., 
2001).   
MRN Diseases 
Hypomorphic mutations in Mre11, Rad50 and Nbs1 lead to two heritable 
syndromes in humans: ataxia-telangiectasia-like disease (ATLD) and Nijmegan breakage 
syndrome (NBS).  Both diseases are phenotypically related to AT, which is caused by 
mutations in the checkpoint sensor kinase ATM.  AT patients have neuromotor 
degeneration immunodeficiency, thymic and gonadal atrophy, predisposition to cancer, 
hypersensitivity to double strand break inducing agents and display chromosome 
instability and RDS.  Patients suffering from ATLD have the same symptoms as AT 
patients though they present later, progress slower and posses a less severe phenotype 
(van den Bosch et al., 2003).  Primary cells from AT patients show no slowing of 
replication in response to DNA damage.  Primary cells from ATLD and NBS patients 
show an intermediate slowing of replication (Falck et al., 2002; Young and Painter, 
1989). These findings suggest that ATLD and NBS mutant cells are defective in only the 
single MRN-dependent pathway of the S-phase DNA damage checkpoint.  It is possible 
that ATLD and NBS cells are deficient in MRN-dependent slowing of replication.  These 
hypomorphic Mre11 and Nbs1 mutant proteins may display a separation of function for 
the MRN complex implying that such mutations must maintain some checkpoint-
independent roles of the MRN complex because these cells survive.  
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MRN and Cancer 
In addition to the MRN associated diseases ATLD and NBS, further evidence 
suggests MRN involvement in cancer prevention.  Altered expression of Nbs1 is shown 
in tumors and heterozygous mutations of all three genes are associated with breast cancer, 
lymphoma and leukemia (Dzikiewicz-Krawczyk, 2008).  The MRN complex is likely 
involved in tumor suppression since it is required for both efficient DNA damage repair 
and the S-phase DNA damage checkpoint.  MRN under-expression or function may 
allow for tumor development, since mutants would be less proficient at DNA repair as 
well as displaying impaired checkpoint signaling and apoptotic defects (Stracker et al., 
2007; Morales et al., 2005). 
The Role of the MRN Complex in DNA Damage Responses 
In humans, the MRN complex is intimately involved both upstream and 
downstream of ATM to mediate the cell’s DNA damage response (Lavin, 2004).  The 
MRN complex is recruited to sites of damage independent of ATM phosphorylation; it is 
one of several protein complexes recruited to sites of DNA damage in both humans and 
in S. cerevisiae (Lisby et al., 2004; Nelms et al., 1998).  ATM activation can occur 
without MRN, but MRN is required for full ATM activation (Lee and Paull, 2007). The 
MRN is also a target of ATM and phosphorylated by ATM in response to IR (Stewart et 
al., 1999).  The MRN complex in S. cerevisiae is required for activation of the Mec1 
signaling pathway (Nakada et al., 2004).  In S. pombe, the central checkpoint kinase 
Rad3 is more directly related to ATR (Table I.1).  The ATM homolog, Tel1, plays no role 
in the S-phase DNA damage checkpoint (Bentley et al., 1996; Nakamura et al., 2002).  
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Therefore, the MRN complex functions independently of ATM in S. pombe and fission 
yeast offer us the unique opportunity to study its function in the S-phase DNA damage 
checkpoint independent of ATM.  
 
MRN Subunits 
Mre11 
The nuclease activity of the MRN complex plays a critical role in double strand 
break end resection to create single strand intermediates for repair by homologous 
recombination (Chen et al., 2008; Jazayeri et al., 2006; Lewis et al., 2004; Myers and 
Cortez, 2006).  MRN complex resection also leads to triggering checkpoint activation 
through ATM in humans (Lavin, 2004).  Mre11 (Rad32 in S. pombe) interacts with both 
Rad50 and Nbs1 independently and can itself form homodimers and homo-multimers 
(D'Amours and Jackson, 2002).  Mre11 contains DNA binding domains as well as a 
phosphoesterase motif shown to be responsible for the nuclease activities of the complex 
(Figure I-6).  The MRN complex has limited DNA unwinding activity and this activity is 
only functional when all three members of the complex are present (Paull and Gellert, 
1999).  Mre11 has also been shown to aid in the annealing of complementary single 
stranded DNA ends (de Jager et al., 2001). 
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Rad50 
Another member of the complex, Rad50 displays ATPase and DNA binding 
activity and tethers DNA ends (Chen et al., 2001).  The ATPase head domain of Rad50 is 
responsible for direct interactions with DNA (Williams et al., 2007).  Rad50 shares some 
similarity to the Structural Maintenance of Chromosomes (SMC) family of proteins and 
contains Walker A and Walker B DNA binding motifs.  These motifs flank two coiled-
coil regions separated by a hinge region.  The hinge and coiled-coil regions fold in a 
manner to bring the Walker A and B motifs in close proximity to create a functional ATP 
binding domain (D'Amours and Jackson, 2002).  Dimerization of Rad50 occurs at the 
hinge region of the protein and forms a molecular hook coordinated by a zinc ion (Figure 
I-7). It is believed MRN complex may hold two pieces of DNA together via the Rad50 
hook, for example two sister chromatids (Wiltzius et al., 2005). 
Nbs1 
Nbs1 is the regulatory subunit of the MRN complex and stimulates nuclease and 
DNA binding activities of the MR dimer (Lee et al., 2003).  Nbs1 contains ForkHead 
Associated (FHA) and BReast cancer C-Terminal (BRCT) domains near its amino 
terminus.  Although these domains are generally involved in phospho-binding 
interactions, the binding partners to these domains have yet to be identified.  These 
domains are required for checkpoint phosphorylation of Nbs1, DNA lesion recognition 
and S-phase DNA damage checkpoint function (Kobayashi et al., 2004; Horejsi et al., 
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2004). The Mre11 binding domain is located near the carboxy terminus of Nbs1 
(D'Amours and Jackson, 2002).  
MRN Does Not Work Alone 
The MRN complex itself requires accessory factors to efficiently effect repair. A 
newly discovered protein, Ctp1, functions with the MRN complex during resection of 
double strand breaks (DSBs) and promotes homologous recombination (HR) during the S 
and G2 phases of the cell cycle. (Limbo et al., 2007; Sartori et al., 2007; Takeda et al., 
2007; Chen et al., 2008).  Ctp1 is the homologue of budding yeast Sae2 and human CtIP.  
Ctp1 and the MRN complex promote resection of DSBs creating single-stranded DNA 
tails which are required for stimulating both efficient homologous recombinational repair 
and strong checkpoint signaling (Sartori et al., 2007; Chen et al., 2008).  
Deletion of Rad32 (Mre11), Rad50 or Nbs1 in fission yeast shows the same 
intermediate replication slowing phenotype as the primary cells of ATLD and NBS 
patients, indicating that the MRN complex plays a conserved role in the S-phase DNA 
damage checkpoint in S. pombe (Chahwan et al., 2003; Willis and Rhind, 2008).  The 
MRN complex of fission yeast is more closely related to the MRN complex of vertebrates 
than the MRX (Mre11, Rad50, Xrs2 in S. cerevisiae) of budding yeast not only in 
sequence similarity but also because both metazoans and fission yeast MRN are not 
required for nonhomologous end-joining unlike the budding yeast complex (Manolis et 
al., 2001; Wilson et al., 1999).   
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Figure I-6 The MRN Complex Subunits 
 Rad50 contains two ATPase domains that bind together in the presence of ATP.  
The two domains are separated by a coiled-coil.  The hook region coordinates Zn2+ 
binding to mediate hook-hook Rad50 interactions.  Rad50 binds to Mre11 just below the 
ATPase head domain.  Mre11 (Rad32) contains five conserved phosphoesterase domains 
that form the catalytic domain for the nuclease activity and two DNA binding domains 
are located in its C-terminus.  Mre11 is believed to bind to Nbs1 in regions near the 
nuclease domain and to Rad50 in the C-terminus.  Nbs1 contains FHA and BRCT 
phosphopeptide interaction domains in its N-terminus.  It is believed that the C-terminus 
contains the Mre11 and ATM binding regions.  
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Figure I-7 The MRN has a 2:2:1 Stoichiometry. 
 Rad50 has a globular head domain and a long coiled-coil tail that ends in a hook 
motif.  Mre11 (Rad32) and Nbs1 are shown as globular proteins.  The complex contains 
two Mre11 subunits, two Rad50 subunits and one Nbs1.  The hook of Rad50 can connect 
to another hook to help hold DNA ends together.  
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S-phase DNA Damage Checkpoint and Recombination 
Since the MRN complex components were originally identified in screens for 
meiotic recombination defects and radiation sensitivity, it is reasonable to propose that 
the role of the MRN in the S-phase DNA damage checkpoint is related to 
recombinational repair.  As with all DNA damage checkpoints, the S-phase DNA damage 
checkpoint is tightly linked with DNA repair.  Much of that repair must occur through a 
recombination-dependent, error-free mechanism.  All three members of the MRN are 
classified as part of the Rad52 epistasis group (Symington, 2002). Recombination is 
implicated in the S-phase DNA damage checkpoint in higher eukaryotes; both Rad51 
(major mitotic recombinase) and XRCC3 (a Rad51 paralog) are required for slowing of 
replication fork rate and reduction in replication in response to DNA damage in 
metazoans (Henry-Mowatt et al., 2003).  
Models for Recombination in S-phase 
At least three models attempt to explain how recombination repair is involved in 
S-phase slowing, the first two are illustrated in Figures I-8 and I-9.  First, recombination 
may be used to bypass single-stranded DNA damage encountered by a fork (Figure I-8).  
Recombination may allow for template strand switching by either the leading or lagging 
strand polymerase to replicate around and avoid the gap or nick using the undamaged 
strand (McGlynn and Lloyd, 2002).  Crossover, X-shaped structures predicted to be 
formed by recombination dependent template switching have been shown in replicating 
yeast and bacterial DNA (Courcelle et al., 2003; Sogo et al., 2002).  These crossover 
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structures are substrates for the Mus81 endonuclease and Rqh1 helicase and are 
checkpoint-dependent (Doe et al., 2002; Doe et al., 2004; Kai et al., 2005; Boddy et al., 
2000; Boddy et al., 2001; Gaillard et al., 2003).  Second, recombination is required for 
replication restart after fork collapse upon encountering a DNA lesion to form a double 
strand break (Figure I-9 Kowalczykowski, 2000; Paques and Haber, 1999; Szyjka et al., 
2008).  Third, recombination could be required for repriming the leading strand 
downstream of DNA damage.  The Rad51 homolog in E. coli RecA has been shown to be 
required for such activity (Heller and Marians, 2006; McInerney and O'Donnell, 2007).  
These three models may explain how replication fork progression may be slowed in wild-
type cells when traversing damaged template.  As recombination is occurring around the 
fork it would slow down the forks.   
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Figure I-8 Strand-Switching Replication 
 The parental stands are represented in dark purple and dark orange and the 
nascent strands are in light purple and light orange.  If the replication fork encounters 
single-strand damage on the leading strand (1), the leading strand stalls while the lagging 
strand continues replicating (2).  The fork can regress (3).  Regression unwinds the 
lagging strand and the leading strand can anneal to it (4), this leaves a four strand 
Holliday junction.  The new lagging strand becomes the template for the leading strand to 
extend (5).  The Holliday junction is reduced by migration and the fork is able to restart 
past the site of damage (6) leaving the damage in place.   
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Figure I-9 Fork Restart by Recombination 
 The parental stands are represented in dark purple and dark orange and the 
nascent strands are in light purple and light orange.  If the replication fork encounters 
single-strand nick (1) on the leading strand, it is converted to a double stranded free end 
(2).  The 5’ end of the double strand break invades into the homologous sequence on the 
parental duplex and forms a D-loop and Holliday junction (3).  The Holliday junction is 
resolved by cleavage and a replication fork is recreated (4).  
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It has been suggested that the most important biological function of the S-phase 
DNA damage checkpoint is tolerance of DNA damage (Murray et al., 1997; Boddy et al., 
2000).  DNA damage tolerance requires checkpoint kinase Cds1 and recombination 
proteins Rqh1 and Rad51.  Tolerance is described as the ability to replicate past 
alterations in the nucleotide sequence of newly synthesized DNA so that replication can 
be completed (Friedberg, 2005).  Some of these lesions are repaired in G2 and sometimes 
the cells cannot repair this damage and they undergo apoptosis (Roos et al., 2009).  
Tolerance may be the result of bypassing DNA damage by the replication machinery in a 
recombination dependent manner allowing for that damage to be repaired during G2.  
Recombination could allow for non-mutagenic damage bypass and also be required for 
efficient post-replicative repair. 
Sister-chromatid exchange is a likely result of recombination that would be used 
during replication (McGlynn and Lloyd, 2002; Paques and Haber, 1999).  Sister 
chromatid exchange utilizes identical sisters for template switching allowing for no loss 
of genetic material.  When this exact copy is available, one would predict the cell to 
prefer such a template for repair.  Equal sister chromatid exchange has been detected 
using BrdU labeling and staining of chromosomes (Wolff and Afzal, 1996).  However, 
most experiments in yeast assay for unequal sister-chromatid exchange using genetic 
output as a measure, because equal sister-chromatid exchange is not genetically 
measureable as exchanges result in identical sister chromatids.  Typically cells are 
engineered to harbor a heteroallele-containing cassette of non-complementary 
auxotrophic mutant marker genes. Upon unequal exchange between replicating sisters, a 
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prototroph expressing a purely wild-type copy of the auxotrophic gene maybe produced.  
Prototrophs are scored on appropriate selective media and frequency of recombination 
calculated from the number arising in response to replication arrest or DNA damage. 
Unequal exchange is believed to occur far less than equal exchange, which is not 
measurable using such an assay.  
Questions remaining about the MRN and it’s role in the S-phase DNA 
damage checkpoint at the start of my thesis work. 
 Recently much work has focused on the mechanisms underlying the S-phase 
DNA damage checkpoint, however it is still unclear what exactly the role of the MRN is 
in this checkpoint.  The MRN may play roles either upstream or downstream of the 
central checkpoint kinase Rad3, or be involved in both.  The MRN complex is a 
heterotrimer with a diverse set of biochemical functions.  It is possible that some 
functions may be required for the checkpoint and that some may not.  It is also possible 
that there is a different threshold of biochemical activities needed for all of the MRN’s 
various roles.    
 I hypothesize that the nuclease activity of the MRN causes slowing of S-phase 
progression by slowing replication forks.  The MRN likely plays a role in 
recombinational response to and bypass of DNA damage and this role in recombinational 
repair would both cause slowing of fork progression during replication and allow for 
efficient repair in G2.  
In Chapter II, I describe a series of mutations in rad32 designed to mimic the 
separation of function mutants described in other organisms in order to address the role of 
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the MRN in the S-phase DNA damage.  Mutations were engineered in hopes of finding a 
mutant that would be checkpoint defective but proficient in other MRN-dependent 
functions.  I tested rad32 mutants with an array of assays designed to measure the various 
roles MRN plays in DNA metabolism.  I discovered that the Ctp1-dependent resection 
role of the MRN complex is not required for the S-phase DNA damage checkpoint.  
Chapter II also lead to some work on a checkpoint role for Tel1, the ATM homologue in 
S. pombe. 
In Chapter III, I discuss my efforts towards establishing an equal sister chromatid 
exchange assay, which when completed would address the role MRN plays in equal sister 
chromatid exchange as well as that of sister chromatid exchange itself in slowing of 
replication fork progression. 
My data suggest that the role of the MRN in the S-phase DNA damage checkpoint 
is not separate from its other roles in cellular metabolism, and that its role in slowing is 
not dependent upon Ctp1 mediated DSB-end-resection.  My work also suggests that the 
MRN and Ctp1 regulate whether Rad3 or Tel1 is activated by double strand DNA breaks.   
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Chapter II  
The Role of MRN in the S-Phase DNA Damage Checkpoint is 
Independent of its Ctp1-Dependent Roles in Double-Strand 
Break Repair and Checkpoint Signaling 
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Abstract 
The Mre11-Rad50-Nbs1 (MRN) complex has many biological functions: 
formation of double strand breaks in meiosis, homologous recombination, telomere 
maintenance, S-phase checkpoint and genome stability during replication.  In the S-phase 
DNA damage checkpoint, MRN acts both in activation of checkpoint signaling and 
downstream of the checkpoint kinases to slow DNA replication.  Mechanistically, MRN, 
along with its cofactor Ctp1, is involved in 5’ resection to create single-stranded DNA 
that is required for both signaling and homologous recombination.  However, it is unclear 
if resection is essential for all of the cellular functions of MRN.  To dissect MRN's 
various roles, we performed a structure/function analysis of nuclease dead alleles and 
potential separation-of-function alleles analogous to those found in the human disease 
ataxia telangiectasia-like disorder (ATLD), which is caused by mutations in Mre11.  We 
find that several alleles of rad32 (the fission yeast homolog of mre11) along with ctp1∆, 
are defective in double-strand break repair and most other functions of the complex but 
maintain an intact S-phase DNA damage checkpoint.  Thus, the MRN S-phase 
checkpoint role is separate from its Ctp1- and resection-dependent role in double-strand 
break repair.  This observation leads us to conclude that other functions of MRN, 
possibly its role in replication fork metabolism, are required for S-phase DNA damage 
checkpoint function.
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Introduction 
MRN is a heterotrimeric complex composed of Mre11, Rad50 and Nbs1 (Carney 
et al., 1998; Haber, 1998; D'Amours and Jackson, 2002; Williams et al., 2007).  
Originally identified in budding yeast as recombinational repair proteins, Rad50 and 
Mre11 are conserved from humans to bacteria and even some bacteriophages.  The third 
MRN subunit found in eukaryotes, Nbs1, is thought to play a regulatory role (Lee et al., 
2003).  The degree of conservation of the MRN complex between species suggests a 
critical role in DNA transactions.  One of its conserved roles is in the S-phase DNA 
damage checkpoint, in which it is involved in slowing replication in response to DNA 
damage in both humans and fission yeast (Young and Painter, 1989; Lavin and Shiloh, 
1997; Stewart et al., 1999; Chahwan et al., 2003). 
The MRN complex has many roles in cellular metabolism; it functions not only in 
the S-phase DNA damage checkpoint, but also in recombinational repair, telomere 
maintenance, formation of double strand breaks in meiosis and another, as yet undefined, 
role in normal replication (Carney et al., 1998; Haber, 1998; D'Amours and Jackson, 
2002).  Its role in normal replication prevents the accumulation of broken replication 
forks possibly through homologous recombination (Costanzo et al., 2001; Maser et al., 
2001; Chahwan et al., 2003; Trenz et al., 2006; Wen et al., 2008).  In vertebrates, the 
deletion of any member of the MRN complex results in cell lethality (Xiao and Weaver, 
1997; Luo et al., 1999; Zhu et al., 2001; Dumon-Jones et al., 2003; Difilippantonio et al., 
2005).  The deletion of MRN subunits in budding and fission yeast is characterized by 
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slow growth, S-phase accumulation and increased chromosome instability.  These 
phenotypes are likely due to defects in repairing spontaneous fork collapses (Hartsuiker 
et al., 2001; Myung and Kolodner, 2002).  Hypomorphic mutations in Mre11 and Nbs1 
lead to two diseases in humans, ataxia-telangiectasia-like disease (ATLD) and Nijmegan 
breakage syndrome (NBS) (Petrini, 2000).  Both of these diseases are phenotypically 
related to ataxia-telangiectasia (AT), which is caused by mutations in the checkpoint 
kinase AT-mutated (ATM) (Painter and Young, 1980; Stewart et al., 1999).  In addition 
to neuronal and immunological phenotypes, AT patients display predisposition to cancer, 
hypersensitivity to double-strand break inducing agents, chromosome instability and 
radio-resistant DNA synthesis (RDS).  RDS occurs when cells are unable to induce the S-
phase DNA damage checkpoint and therefore unable to slow replication.  Cells from AT 
patients show no slowing of replication in response to ionizing radiation and 
radiomimetic agents (Lavin and Shiloh, 1997).  Cells of ATLD and NBS patients show 
an intermediate overall slowing of replication (Young and Painter, 1989; Falck et al., 
2002).  These hypomorphic mutations must maintain some checkpoint-independent 
function of the MRN complex because the cells are able to survive (Carney et al., 1998; 
Stewart et al., 1999).  Thus, it has been suggested that they display separation of MRN's 
checkpoint-dependent and -independent functions. 
In humans and fission yeast, MRN plays roles both upstream and downstream of 
the checkpoint kinases to mediate the DNA damage response (Lavin, 2004; Willis and 
Rhind, 2008b).  The complex is one of the first sets of proteins recruited to sites of 
damage both in humans and in S. cerevisiae (Nelms et al., 1998; Lisby et al., 2004).  
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MRN directly activates ATM, though partial activation still occurs without the MRN 
(Lee and Paull, 2004).  In addition, MRN is phosphorylated by ATM on Nbs1 (Stewart et 
al., 1999; Gatei et al., 2000; Lim et al., 2000; Zhao et al., 2000).  In addition to its role in 
the activation of checkpoint signaling, MRN is required downstream of the checkpoint 
kinases to slow replication in response to DNA damage (Falck et al., 2002; Willis and 
Rhind, 2008b).  The downstream checkpoint-dependent role of MRN is not well 
understood, but it may involve recombinational-repair of stalled forks (Rhind and 
Russell, 2000; Willis and Rhind, 2008b). 
In S. pombe, S-phase checkpoint signaling requires Rad3, the fission yeast 
homolog of the ATM- and Rad3-Related (ATR) kinase; the ATM homolog, Tel1, is not 
required for the S-phase DNA damage checkpoint (Bentley et al., 1996; Nakamura et al., 
2002; Willis and Rhind, 2008b).  Nonetheless, MRN is required for full activation of 
checkpoint signaling during S-phase (Willis and Rhind, 2008b). 
MRN possesses several biochemical activities including double-strand and single-
strand DNA binding, DNA tethering, ATPase, adenylate kinase and endo- and 
exonuclease activities (Williams et al., 2007).  Mre11 is the nuclease subunit of MRN.  It 
interacts with both Rad50 and Nbs1 independently and can itself form homodimers and 
homo-multimers (D'Amours and Jackson, 2002).  Mre11 contains DNA binding domains 
as well as phosphoesterase motifs responsible for the nuclease activities of the complex 
(Furuse et al., 1998; Usui et al., 1998; Moreau et al., 1999 and Figure II-1).  The nuclease 
activity of the MRN complex plays a critical role in 5' resection of double-strand breaks 
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to create single-strand intermediates for repair by homologous recombination (Lewis et 
al., 2004; Jazayeri et al., 2006; Myers and Cortez, 2006; Chen et al., 2008).  MRN's 
resection activity and double-strand break repair function require a cofactor: Ctp1 in 
fission yeast, Sae2 in budding yeast and CtIP in humans (Chen et al., 2007; Limbo et al., 
2007; Sartori et al., 2007). 
With all the roles that the MRN plays in cellular metabolism, dissecting its role in 
the S-phase DNA damage checkpoint is difficult.  For instance, it is not know if MRN 
has one major biochemical activity that is responsible for all of its DNA repair roles or if 
has multiple separable biochemical activates that are independently required for different 
roles.  Mutations that separate its role in the checkpoint from its other roles would 
directly address this question.  In particular, analysis of MRN separation-of-function 
alleles might elucidate which of the various biochemical activities of MRN are required 
for checkpoint-dependent slowing of replication in response to DNA damage.  Mutations 
in S. cerevisiae Mre11 show separation of function between its meiotic roles and its 
mitotic roles (Nairz and Klein, 1997; Symington, 2002).  Furthermore, several nuclease 
dead mutations in budding yeast maintain many mitotic MRN functions, yet are defective 
in meiotic function and are sensitive to DNA damage (Bressan et al., 1998; Moreau et al., 
1999; Chen et al., 2001; Yazdi et al., 2002; Krogh et al., 2005).  Mutations that separate 
the checkpoint-dependent from checkpoint-independent roles in fission yeast have not 
been reported, but based on characterization of human ATLD and NBS phenotypes, 
which appear to affect MRN's checkpoint-dependent but not constitutive functions, we 
hypothesized that they would exist.  Given the precedent of the ATLD alleles in humans 
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and the nuclease dead alleles in budding yeast, we decided to focus on the fission yeast 
homolog of Mre11, Rad32.  We have phenotypically characterized various alleles of 
rad32 and found that MRN's role in checkpoint-dependent slowing of replication is, in 
fact, genetically separable from its roles in checkpoint signaling and homologous 
recombination. 
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Materials and Methods 
Yeast were grown in YES (yeast extract plus supplements) at 30 ºC and 
manipulated by standard methods (Forsburg and Rhind, 2006).  Temperature sensitive 
strains were grown at 25 ºC unless otherwise stated.  Strains used for this study are listed 
in Table 1. 
Strain Construction 
Rad32 C-terminal deletion strain was made using a PCR cassette insertion to 
replace residues 528-649 with a 13Myc tag (Bahler et al., 1998).  The sequences of the 
oligos are listed in Table S1.  rad32::kanMX4, rad3::ura4, rad2::ura4 have previously 
been described (Chahwan et al., 2003; Bentley et al., 1996; Morishita et al., 2002). 
Site-directed alleles of rad32 were made by oligo-mediated mutagenesis.  Primers 
were designed to change the desired amino acids by 4 or less nucleotide changes and also 
create unique restriction sites.  Primer sequences containing mutations and the 
appropriate restriction site changes are in Table S1.  The 3' end of rad32 was cloned into 
pFA6a-13Myc:natMX6 (Sato et al., 2005) using MPG50 and MPG51 with HindIII and 
PacI, creating pFS305.  A second 3' piece was cloned into that plasmid using MPG52 and 
MPG53 cut with SacI and SacII, creating pFS306.  Finally, 5' mutants were cloned into 
pFS306 using MPG3 and MPG6 with NdeI and HindIII as the product of a two step PCR; 
each mutant primer was paired with either MPG3 or MPG6 for the first step and then 
each mutant product pair was used as template for PCR with MPG3 and MPG6 to create 
each of the six mutants. The resulting plasmids (pFS307-pFS313) were cut with Nde1 
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and SacII; the rad32 ORF fragment was transformed into wild-type cells (yFS105). 
Integrants were selected on nourseothricin.  Accurate integration was confirmed by PCR 
and sequencing. 
X-ray, UV irradiation, methyl methane sulfonate (MMS) and hydroxyurea 
survival assays 
Cells were grown to mid-log phase in liquid YES and 5-fold serially diluted. 
Aliquots of each dilution were plated on solid medium containing 0.01% MMS, 0.03% 
MMS, 1mM HU or 3mM HU and grown for 4 days at 30°.  For acute UV exposure, mid-
log liquid YES cultures were counted, plated on YES solid media, irradiated in a 
Stratagene UV Stratalinker 2400 and grown for 30 ºC for 3 or 4 days.  X-ray irradiation 
was done in a Faxitron X-ray RX-650 at 130 kVp at 5 mA (10 Gy/min) at room 
temperature with cells suspended in liquid YES; cells were immediately plated in 
triplicate on YES solid media, incubated for 3 or 4 days and counted. 
Telomere Southern 
Genomic DNA was isolated from each strain.  DNA was digested overnight with 
EcoRI and run on a 2% agarose gel.   Ethidium bromide staining confirmed equal 
loading.  The gel was transferred by neutral transfer to Hybond N+ (GE Healthcare) and 
probed with 32P- labeled TAS1 (Nakamura et al., 2002). 
Rad2 synthetic lethality 
rad32 mutant strains were crossed to rad2::ura4, spores were digested with 
glusalase and plated on YES.  The resulting colonies were replica plated to LAH and 
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either NAT or G418 as appropriate.  Surviving colonies were counted.  Random spore 
analysis was used because of the poor spore viability of the rad32 mutants.  To correct 
for the low spore viability of rad32 mutants, expected viability (E) was calculated by 
normalizing the number of rad32 mutant (-) rad2∆ colonies to the number of rad32- 
rad2+ and rad32+ rad2∆ colonies using the formula E = A*(B/A)*(C/A), where A = the 
number of rad32+ rad2+ colonies B = the number of rad32- rad2+ colonies and C = the 
number of rad32+ rad2∆ colonies. 
NHEJ Assays 
The NHEJ plasmid assay was performed essentially as described (Manolis et al., 
2001).  The plasmid pUR19 (Barbet et al., 1992) was linearized with SmaI.  
Logarithmically growing cells were transformed with equal amounts of undigested or 
linear DNA using the lithium acetate transformation method (Okazaki et al., 1990).  Cells 
were plated on EMM2 LAH plates in triplicate.  ura+ colonies were counted and NHEJ 
frequency was calculated by the number of colonies from linear DNA over those 
transformed with undigested DNA.  Cells grown in nitrogen-free media were first grown 
to log phase in YES and then transferred to EMM2-N media (US Biological) for 36 hours 
before transformation (Ferreira and Cooper, 2004).  
Co-immunoprecipitations 
Cells were grown to mid-log phase in liquid YES, 20 OD of cells were collected, 
washed with water, frozen in liquid nitrogen and stored at -80 ºC. Extracts were prepared 
as previously described (Boddy et al., 1998). Cells were lysed with 200µl of lysis buffer. 
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Cleared cell extracts were incubated with rabbit IgG-Agarose beads (Sigma). Proteins 
were separated by SDS-PAGE, blotted and visualized with anti-HA antibody directly 
conjugated to HRP (Roche). HRP was quenched with 0.10% sodium azide, the blot was 
washed, and proteins were visualized with anti- Myc antibody directly conjugated to 
HRP (Roche). 
Cds1 Kinase Assay 
Cells were grown in liquid YES to mid-log phase and treated with 0.03%MMS 
for 4 hours. 10 OD pellets were collected for the kinase assay.  In vitro kinase assays 
were performed as previously described (Kai et al., 2001; Dutta et al., 2008; Willis and 
Rhind, 2008a).  Immunopurified Cds1 was incubated with MBP and γ32P-ATP at 30° C 
for 15 minutes.  Proteins were separated by SDS-PAGE and visualized by 
autoradiography. 
S-phase Progression 
Synchronization, flow cytometry of isolated nuclei and S-phase progression 
analysis was performed as previously described (Kommajosyula and Rhind, 2006; Willis 
and Rhind, 2008a). 
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Table II-1 Yeast Strains used in this study 
Strain Genotype Source 
NYSPG2 h+ leu1-32 ura4-D18 ade6-704 rad2::ura4 Tsutsui et 
al. 2005 
OL4121 h- leu1-32 ura4-D18 ctp1::kanMX6 Limbo et 
al. 2007 
yFS447 h+ leu1-32 ura4-D18 ade6-216 his3-D1  
pku70::his3 
Manolis et 
al., 2001 
yFS105 h- leu1-32 ura4-D18 Lab Stock 
yFS189 h- leu1-32 ura4-? ade6-704 rad3::ura4 Lab Stock 
yFS231 h- leu1-32 ura4-D18 ade6-M210 his3-D1 trt1::his3 Lab Stock 
yFS249 h- leu1-32 ura4-D18 nbs1::kanMX6 Lab Stock 
yFS260 h- leu1-32 ura4-D18 rad3::ura4 cdc10-M17 Lab Stock 
yFS262 h+ leu1-32 ura4-D18 ade6-210 his3-D1 cdc10-M17 
rad32::kanMX4 
Lab Stock 
yFS450 h- leu1-32 ura4-D18 his3-D1 rad32::kanMX4 Lab Stock 
yFS466 h- leu1-32 ura4-D18 rad32∆C-13Myc:kanMX6 This study 
yFS467 h- leu1-32 ura4-D18 rad32-13Myc:natMX6 This study 
yFS468 h- leu1-32 ura4-D18 rad32-H134N -
13Myc:natMX6 
This study 
yFS469 h- leu1-32 ura4-D18 rad32-D65N-13Myc:natMX6 This study 
yFS470 h- leu1-32 ura4-D18 rad32-D25A-13Myc:natMX6 This study 
yFS471 h- leu1-32 ura4-D18 rad32-H134L/D135V-
13Myc:natMX6 
This study 
yFS472 h- leu1-32 ura4-D18 rad32-N122S-13Myc:natMX6 This study 
yFS473 h- leu1-32 ura4-D18 rad32-W215C-13Myc:natMX6 This study 
yFS474 h+ leu1-32 ura4-D18 ade6- M210 his3-D1 cdc10-
M17 rad32-13Myc:kanMX4 
This study 
yFS475 h+ leu1-32 ura4-D18 ade6- M210 cdc10-M17 
rad32-H134N-13Myc:natMX6 
This study 
yFS476 h+ leu1-32 ura4-D18 ade6- M210  cdc10-M17 
rad32-N122S-13Myc:natMX6 
This study 
yFS477 h- leu1-32 ura4-D18 ade6- M210  cdc10-M17 
rad32-W215C-13Myc:natMX6 
This study 
yFS478 h+ leu1-32 ura4-D18  cdc10-M17 rad32-
H134L/D135V-13Myc:natMX6 
This study 
yFS479 h+ leu1-32 ura4-D18 ade6- M210 cdc10-M17 
rad32-D25A-13Myc:natMX6 
This study 
yFS481 h+ leu1-32 ura4-D18 ade6- M210 cdc10-M17 
rad32-D65N-13Myc:natMX6 
This study 
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yFS483 h- leu1-32 ura4-D18  nbs1-HATAP:kanMX6 rad32-
13Myc:natMX6 
This study 
yFS484 h+ leu1-32 ura4-D18 nbs1-HATAP:kanMX6 
rad32-H134N-13Myc:natMX6 
This study 
yFS485 h- leu1-32 ura4-D18  nbs1-HATAP:kanMX6 rad32-
D65N-13Myc:natMX6 
This study 
yFS486 h+ leu1-32 ura4-D18 nbs1-HATAP:kanMX6 
rad32-D25A-13Myc:natMX6 
This study 
yFS487 h+ leu1-32 ura4-D18 nbs1-HATAP:kanMX6 
rad32-H134L/D135V-13Myc:natMX6 
This study 
yFS488 h+ leu1-32 ura4-D18 nbs1-HATAP:kanMX6 
rad32-N122S-13Myc:natMX6 
This study 
yFS489 h- leu1-32 ura4-D18 nbs1-HATAP:kanMX6 
rad32-W215C-13Myc:natMX6 
This study 
yFS490 h- leu1-32 ura4-D18 nbs1-HATAP:kanMX6 
rad32∆C-13Myc:kanMX6 
This study 
yFS611 h+ leu1-32 ura4-D18 ade6- M210 cdc10-M17 
rad32∆C-13Myc:kanMX6 
This study 
yFS618 h+ leu1-32 ura4-? rad32-N122S-13Myc:natMX6 
rad3::ura4 
This study 
yFS619 h+ leu1-32 ura4-? rad32-W215C-13Myc:natMX6 
rad3::ura4 
This study 
yFS650 h+ leu1-32 ura4-D18 cdc10-M17 ctp1::kanMX6 This study 
yFS651 h+ leu1-32 ura4-D18 rad32-13Myc:natMX6 This study 
yFS652 h+ leu1-32 ura4-D18 rad32-H134N -
13Myc:natMX6 
This study 
yFS653 h+ leu1-32 ura4-D18 rad32-D65N-13Myc:natMX6 This study 
yFS654 h+ leu1-32 ura4-D18 his3-D1 rad32::kanMX4 This study 
yFS655 h+ leu1-32 ura4-D18 rad32∆C-13Myc:kanMX6 This study 
yFS656 h+ leu1-32 ura4-D18 rad32-D25A-13Myc:natMX6 This study 
yFS657 h+ leu1-32 ura4-D18 rad32-H134L/D135V-
13Myc:natMX6 
This study 
yFS658 h+ leu1-32 ura4-D18 rad32-N122S-13Myc:natMX6 This study 
yFS659 h+ leu1-32 ura4-D18 rad32-W215C-
13Myc:natMX6 
This study 
yFS660 h+ leu1-32 ura4-D18 ctp1::kanMX6 This study 
yFS670 h- leu1-32 ura4-? rad32-D65N-13Myc:natMX6 
rad3::ura4 
This study 
yFS671 h+ leu1-32 ura4-? ade6-704 rad32-H134N-
13Myc:natMX6 rad3::ura4 
This study 
yFS672 h- leu1-32 ura4-? rad32∆C-13Myc:kanMX6 
rad3::ura4 
This study 
yFS673 h+ leu1-32 ura4-? ade6-704 rad50::kanMX6 This study 
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rad3::ura4 
yFS674 h+ leu1-32 ura4-? rad32-D25A-13Myc:natMX6 
rad3::ura4 
This study 
yFS675 h+ leu1-32 ura4-? nbs1::kanMX6 rad3::ura4 This study 
yFS676 h- leu1-32 ura4-? his3-D1 rad32::kanMX6 
rad3::ura4 
This study 
yFS677 h- leu1-32 ura4-? ctp1::kanMX6 rad3::ura4 This study 
yFS678 h? leu1-32 ura4-? rad32-H134L/D135V-
13Myc:natMX6 rad3::ura4 
This study 
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Table II-2 Summary of Phenotypes 
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rad32+ wt wt 2.5 99 +++ +++ +++ +++ no yes yes yes ++ + +++ wt  
N122S NA ATLD 3 75 +++ +++ ++ +++ no yes yes yes + -‡ +++ ~wt I 
W215C NA ATLD 3.1 82 +++ +++ ++ +++ no yes yes yes + -‡ +++ ~wt I 
rad32∆ null inviable 4.3 32 - - - - yes no no partial - - +/- null II 
D25A NucD NA 4.1 26 - - - - yes no no partial -/+ - +/- null II 
H134N NucD NA 3.9 32 +/- - - + yes no yes partial ++ + + ~null II 
D65N NucD NA 4.5 23 + + + + yes no yes partial + + ++ ~null II 
H134L/D135V NucD NA 4.1 31 - + - - yes no no yes +/- -‡ + SoF III 
∆C NA ATLD 3.7 27 +/- + + + yes no no yes +++ + + SoF III 
ctp1∆ NA NA 3.3 41 -* -* -# -# yes† no* yes yes  +* ++ SoF  
NA: not applicable 
NucD: nuclease dead 
* Previously published (Limbo et al., 2007) 
† Previously published (Akamatsu et al., 2008) 
# data not shown 
‡These proteins show variable Nbs1 binding. In some experiments it is weak, in others it is not above background. 
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Results 
In a search for alleles that would separate MRN's checkpoint functions from its 
checkpoint-independent functions, we constructed seven site-directed alleles analogous to 
nuclease dead alleles in S. cerevisiae (rad32-D25A, rad32-D65N, rad32-H134N and 
rad32-H134L/D135V) or to ATLD alleles in humans (rad32-N122S, rad32-W215C and 
rad32∆C)(Figure II-1A and Bressan et al., 1998; Chen et al., 2001; Moreau et al., 1999; 
Yazdi et al., 2002; Fernet et al., 2005; Stewart et al., 1999).  These alleles were used to 
replace the wild-type rad32 allele at its endogenous locus.  All of the alleles are tagged 
with 13 copies of the Myc epitope, so our analyses use rad32-13Myc for the wild-type 
control.  In a variety of phenotypic assays, we found that cells carrying two of our alleles, 
the Class I mutants (rad32-N122S and rad32-W215C), appear similar to wild type; cells 
carrying three alleles, the Class II mutants (rad32-D25A, rad32-D65N and rad32-
H134N), appear similar to rad32∆ cells; cells carrying two other alleles, the Class III 
mutants (rad32-H134L/D135V and rad32∆C) resemble rad32∆ cells in all assays except 
the checkpoint assay, in which they display checkpoint proficiency (Table II-2).  The 
details of these phenotypic characterizations follow. 
The simplest phenotypic assays for rad32 alleles are growth rate and cell 
morphology.  rad32∆ cells accumulate DNA damage, which leads to cell-cycle arrest and 
death in a significant fraction of cells and reduces the growth rate of the culture (Myung 
and Kolodner, 2002; Hartsuiker et al., 2001; Chahwan et al., 2003).  The Class II and III 
mutants resemble rad32∆ cells in both growth rate and heterogeneity of cell morphology; 
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the Class I mutants exhibit wild-type morphology and growth rate (Figure II-1B).  These 
results suggest that the Class I mutants retain the Rad32 constitutive repair and genome 
stability functions, functions that appear to be missing in the Class II and III mutants.  
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Figure I-1 Schematic of Rad32 and Wild types (yFS467) 
(A) Schematic of Rad32 and the sites of mutations.  (B) Wild type (yFS467), 
rad32∆ (yFS450) rad32-H134N (yFS468), rad32-D65N (yFS469), rad32-D25A 
(yFS470), rad32-H134L/D135V (yFS471), rad32-N122S (yFS472), rad32-W215C 
(yFS473) and rad32∆C (yFS466) cells in log phase were imaged in 100X.  5 of the seven 
mutants appear similar to the rad32∆ strain.  The other two have a wild-type appearance.  
The morphological defect is quantified below each figure with the percentage of cell in 
each culture displaying normal morphology (n = 500 for each).  The Roman numeral in 
parenthesis is the class number of the mutants.  
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To more carefully investigate the repair and genome stability phenotypes of our 
mutants, we used a panel of assays.  We first analyzed the DNA damage sensitivity of our 
mutants.  We tested the survival of cells treated with UV irradiation, X-ray irradiation 
and the alkylating agent methyl methane- sulfonate (MMS).  In response to all three 
treatments, our mutants fall into two broad categories, with the Class I mutants being 
similar to wild-type cells in resistance to DNA damage and the Class II and III mutants 
being similar to rad32∆ cells in sensitivity (Figures II-2-4).  However, within those 
categories there is some heterogeneity.  For instance, both of the Class I mutants are 
slightly more sensitive to MMS than wild type.  In addition, one of the Class II mutants, 
rad32-D65N, is slightly more resistant to all three DNA damaging agents than rad32∆ 
while both of the Class III mutants are slightly more resistant to UV and one of them, 
rad32∆C, is slightly more resistant to MMS. 
We also tested our mutants for sensitivity to hydroxyurea (HU), which blocks 
replication by inhibiting deoxyribonucleotide synthesis.  Again, the Class I mutants are 
similar to wild-type cells and the Class II and III mutants are similar to rad32∆ cells, with 
some heterogeneity.  In this case, several of the Class II and III mutants, rad32-H134N, 
rad32-D65N and rad32∆C, show intermediate resistance to HU between that of wild type 
and rad32∆ cells. 
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Figure I-2 MMS and HU Sensitivity  
MMS and HU sensitivity of wild type (yFS467), rad32∆ (yFS450) rad32-H134N 
(yFS468), rad32-D65N (yFS469), rad32-D25A (yFS470), rad32-H134L/D135V 
(yFS471), rad32-N122S (yFS472), rad32-W215C (yFS473) and rad32∆C (yFS466).  
Cells were diluted in a 5 fold serial dilution and spotted onto YES plates containing 1 or 
3mM HU or 0.01 or 0.03%MMS as indicated.   
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Figure I-3 UV Irradiation Sensitivity   
UV irradiation sensitivity of wild type (yFS467), rad32∆ (yFS450) rad32-H134N 
(yFS468), rad32-D65N (yFS469), rad32-D25A (yFS470), rad32-H134L/D135V 
(yFS471), rad32-N122S (yFS472), rad32-W215C (yFS473) and rad32∆C (yFS466).  The 
curves are average of at least five independent experiments.  Error bars represent the 
standard error of the mean.  
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Figure I-4 X-ray Sensitivity   
X-ray sensitivity of wild type (yFS467), rad32∆ (yFS450) rad32-H134N 
(yFS468), rad32-D65N (yFS469), rad32-D25A (yFS470), rad32-H134L/D135V 
(yFS471), rad32-N122S (yFS472), rad32-W215C (yFS473) and rad32∆C (yFS466).  The 
curves represent the average of triplicate plating of a single experiment +/- standard error 
of the mean 
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Telomere Maintenance 
rad32∆ strains have shortened telomeres as compared to wild-type and rad32∆ 
rad3∆ strains suffer catastrophic telomere loss and are only able to survive by 
circularizing the chromosomes (Wilson et al., 1999; Nakamura et al., 2002).  We tested 
our mutant strains for telomere loss in a rad3∆ background.  rad3∆ double mutants were 
constructed and genomic southern blots were probed with a telomere associated 
sequence.  rad32-D25A rad32∆C, rad32-H134L-D135V lost their telomeres while all 
other mutants have maintained their telomeres (Figure II-5). 
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Figure I-5 Telomere Function 
Southern blot analysis of EcoRI- digested genomic DNA from rad32∆ (yFS450), 
wild type (yFS467), rad3∆ (yFS189), ctp1∆ (OL4121), trt1∆ (yFS231), rad32∆ rad3∆ 
(yFS676), nbs1 rad3∆ (yFS675), rad50∆ rad3∆ (yFS673) ctp1∆ rad3∆ (yFS677), rad32-
D25A rad3∆ (yFS674), rad32-D65N rad3∆ (yFS670), rad32-H134N rad3∆ (yFS671), 
rad32∆C rad3∆ (yFS672), rad32-N122S rad3∆ (yFS618), rad32-W215C rad3∆ 
(yFS619), probed with the telomere associated-1 (TAS1) probe.  Trt1, was used as a 
control for telomere loss.  Telomerase reverse transcriptase and is required for telomere 
maintenance in its absence a population of cells survive by circularizing their 
chromosomes (Nakamura et al., 1998).  
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Synthetic lethality of rad32 and rad2 double mutants 
As an independent assay for MRN's role in DNA repair, we examined the viability of our 
alleles in combination with rad2∆.  Rad2 is the fission yeast homolog of Fen1, a flap 
endonuclease involved in the maturation of Okazaki fragments in lagging-strand DNA 
synthesis (Symington, 1998; Moreau et al., 1999; Murray et al., 1994).  Without Rad2, 
cells use other mechanisms to mature the RNA containing flap (Symington, 1998).  
rad32∆ is synthetically lethal with rad2∆, apparently because MRN-dependent 
homologous recombination is required after replication in the absence of Rad2 (Tavassoli 
et al., 1995; Symington, 1998).  Because of the low viability of spores from diploids 
heterozygous for our rad32 alleles, we did our assay using random spore analysis.  The 
Class I alleles are not synthetically lethal with rad2∆; all of the Class II and III alleles are 
(Table II-3). 
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Table I-1 Spore viability and Rad2 synthetic lethality 
rad32 rad2 Spore Viability†  
 
Genotype 
rad32 
% Spore 
Viability* 
rad32+ 
rad2+ 
rad32- 
rad2+ 
rad32+ 
rad2∆ 
rad32- 
rad2∆ 
 
Expected 
Viability# 
rad32+ 56.6 ± 17.7 183 101 84 52 46 
N122S 40.0 ± 19.3 271 107 53 27 21 
W215C 36.7 ± 18.1 310 156 135 69 68 
rad32∆ 0.04 ± 0.02 40 9 14 0 3 
H134N 0.63 ± 0.58 340 104 65 0 20 
D65N 0.16 ± 0.14 352 102 92 0 27 
D25A 0.03 ± 0.02 79 30 29 0 11 
H134L/D135V 0.06 ± 0.05 126 42 51 0 17 
∆C 6.58 ± 2.68 872 341 172 0 67 
* Mean ± SEM (n=3) 
† Total number of colonies 
# Expected number of rad32- rad2∆ colonies, normalized for rad32- spore viability 
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Non-Homologous End Joining 
In S. cerevisiae the MRN complex is required for non-homologous end joining 
(NHEJ) (Zhang and Paull, 2005).  Previously, it was shown that the MRN is not required 
for NHEJ in fission yeast (Manolis et al., 2001).  These experiments were done in 
asynchronous cultures and since S. pombe spends most of its time in G2 it is reasonable 
to suggest that perhaps there is never a need for NHEJ because there is usually a sister 
around for homologous recombination, or that in asynchronous cultures you never see the 
little NHEJ that exists (Ferreira and Cooper, 2004).  Ferreira and Cooper showed that 
there is a requirement for some proteins in G1 that are not required in G2.  To look at the 
role of MRN in NHEJ in G1 we grew cells in nitrogen free media, which causes cells to 
arrest in G1.  Figure II-6 shows that the MRN is not required for NHEJ even in G1.  
These results agree with previously published results (Manolis et al., 2001). 
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Figure I-6 The MRN is Not Required for Non-Homologous End-Joining 
Analysis of wild type (yFS467), rad32∆ (yFS450) and pku70∆ (yFS447) NHEJ 
levels using a plasmid-based assay. pku70∆ was used for a control as the protein is 
required for NHEJ (Manolis et al., 2001).   
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Meiosis 
MRN is required for the formation of double-strand breaks in meiosis and thus for 
spore viability (Tavassoli et al., 1995; Wilson et al., 1998; Symington, 2002).  To test the 
function of our alleles in meiosis, we measured spore viability by random spore analysis.  
We tested the viability of spores from zygotes homozygous for our alleles.  Class I 
mutants have spore viabilities similar to that of wild-type cells.  Class II and Class III 
mutants show a substantial reduction in spore viability, with all but one showing the same 
lack of spore viability as rad32∆/rad32∆ zygotes; one Class III allele, rad32∆C, retains 
some residual spore viability (Table II-3). 
MRN complex formation 
Observations in S. cerevisiae indicate that some of the nuclease motif mutations disrupt 
MRN complex formation (Krogh et al., 2005).  To assay for complex formation in our 
strains, we tested the interaction of Rad32 with Nbs1.  We built doubly-tagged strains 
carrying both a mutant rad32 allele carboxy-terminally tagged with 13 copies of the Myc 
epitope and a carboxy-terminal HA and protein A affinity (HA-TAP) tagged nbs1 allele.  
Cells expressing both tagged proteins were lysed and Nbs1 captured on IgG agarose 
beads.  After washing the beads, bound proteins were separated by SDS-PAGE, blotted 
and probed with anti-HA to visualize Nbs1 (Figure II-7).  The blot was reprobed with 
anti-Myc to visualize Rad32.  Two of the Class II protein, Rad32-H134N and Rad32-
D65N, as well as one of the Class III proteins, Rad32∆C, expressed well and bound to the 
beads at wild-type levels.  Both of the Class I proteins and one of the Class III proteins, 
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Rad32-H134L/D135V, expressed at lower levels than wild type.  In addition, these 
proteins bound the beads with variable efficiency; in some preps they showed significant 
binding, albeit less than wild type, and in others they showed only background levels of 
binding.  These mutations are believed to be disrupted the Nbs1 binding domain and 
inconsistent Nbs1 binding has been reported for the human homologs of the Class I 
proteins (Stewart et al., 1999; Lee et al., 2003; Fernet et al., 2005).  Finally, one Class II 
protein, Rad32-D25A, reproducibly expressed at lower levels and did not bind to the 
beads above background levels, consistent with its failure to bind Rad50 (Tomita et al., 
2003).  rad32-D25A cells also failed to express Nbs1 at detectable levels in some preps 
while expressing at very low levels in others. 
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Figure I-7 Association of Rad32 mutants with Nbs1 
Strains containing nbs1-HA-TAP and rad32+ (yFS483), rad32+ (but not nbs1-
TAP) (yFS467), rad32-H134N (yFS475), rad32-D65N (yFS485), rad32-D25A (yFS486), 
rad32-H134L/D135V (yFS487), rad32-N122S (yFS488), rad32-W215C (yFS489) and 
rad32∆C (yFS490) tagged with 13 Myc epitopes were grown to mid-log phase.  TAP-
tagged protein was precipitated with IgG agarose beads from soluble cell lysate.  Extract 
lanes (E) contain 1.5% of IP input. The western was probed with anti-HA directly 
conjugated to HRP.  The HRP was killed with sodium azide and then the blot was probed 
with anti-Myc directly conjugated to HRP.  The asterisk indicates the residual anti-HA 
signal after sodium azide treatment. 
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S-phase DNA damage checkpoint 
We next examined the S-phase checkpoint response to damage of our rad32 
mutants.  Methyl methane-sulfonate (MMS), which produces DNA damage in the form 
of base adducts, was used to induce the checkpoint.  MMS-induced damage is recognized 
during replication and therefore is a good activator of the S-phase DNA damage 
checkpoint.  Cells were synchronized in G1 by a combination of elutriation and a cdc10-
ts block and release, treated with 0.03% MMS and followed through replication by flow 
cytometry (Figure II-8-10).  Untreated cells replicated between 40 and 80 minutes after 
release from G1.  MMS-treated wild-type cells fail to complete replication by 180 
minutes.  However, checkpoint defective strains, such as rad3∆, continue replication 
despite the presence of DNA damage.  rad32∆ cells present a partial checkpoint response 
as they slow their S-phase progression more than rad3∆ but do not slow to the same 
extent as wild-type cells (Willis and Rhind, 2008b). The Class I mutants, which are wild 
type in other assays, had intact checkpoints and the Class II mutants, which act as nulls in 
other assays, had defective checkpoints.  However, the Class III mutants, which act as 
nulls in other assays, have intact checkpoints and thus display a separation-of-function 
phenotype. 
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Figure I-8 S-Phase Checkpoint 
Wild type (yFS474), rad3∆ (yFS260), rad32∆ (yFS262 untagged wild-type), 
rad32-H134N (yFS475) rad32-W215C (yFS477), rad32-H134L/D135V (yFS478), and 
rad32∆C (yFS611) cells were synchronized in G1 by a combination of a cdc10M17ts 
block and release and centrifugal elutriation and followed through replication by flow 
cytometry.   
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Figure I-9 S-Phase Checkpoint 
Wild type (yFS474), rad3∆ (yFS260), rad32∆ (yFS262 untagged wild-type, cells 
were synchronized in G1 by a combination of a cdc10M17ts block and release and 
centrifugal elutriation and followed through replication by flow cytometry.  
Quantification of control strains.  Each curve represents the average of at least three 
experiments and error bars represent standard error of the mean.  
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Figure I-10 S-Phase Checkpoint 
Wild type (yFS474), rad3∆ (yFS260), rad32∆ (yFS262 untagged wild-type, cells 
were synchronized in G1 by a combination of a cdc10M17ts block and release and 
centrifugal elutriation and followed through replication by flow cytometry. Quantification 
of rad32-H134L/D135V (yFS478), rad32-N122S (yFS476) rad32∆C (yFS611) mutant 
strains with functional checkpoints, which slow their progression through S-phase in 
response to MMS. 
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Figure I-11 S-Phase Checkpoint 
Wild type (yFS474), rad3∆ (yFS260), rad32∆ (yFS262 untagged wild-type, cells 
were synchronized in G1 by a combination of a cdc10M17ts block and release and 
centrifugal elutriation and followed through replication by flow cytometry. Quantification 
of rad32-D25A (yFS479) and rad32-D65N (yFS481) mutant strains with defective 
checkpoints, which do not slow their progression through S-phase in response to MMS. 
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Cds1 kinase activity 
To test if the checkpoint phenotypes correlate with defects in MRN's role in S-
phase DNA damage checkpoint signaling, we checked to see if the Cds1 kinase activity is 
compromised in our mutants.  MRN mutants in human cells display a partial defect in 
ATM checkpoint signaling (Lee and Paull, 2004).  Similarly, we have seen a partial 
defect in Cds1 S-phase checkpoint kinase activity in nbs1∆ cells (Willis and Rhind, 
2008b). We found that the Class I alleles have wild-type levels of kinase activity whereas 
Class II and III alleles have significantly lower kinase activity levels (Figure II-12).  One 
Class II allele, rad32-D25A, is as defective for signaling as rad32∆.  Another Class II 
allele, rad32-H134N, and both Class III alleles are severely defective, but show some 
residual signaling.  The third Class II allele, rad32-D65N, shows intermediate signaling. 
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Figure I-12  Cds1 Kinase Activity 
Asynchronous cultures of wild type (yFS467), rad32-N122S (yFS472), rad32-
W215C (yFS473), rad3∆ (yFS189), nbs1∆ (yFS249), rad32∆ (yFS450), rad32-H134N 
(yFS468), rad32-D65N (yFS469), rad32-D25A (yFS470), rad32-H134L/D135V 
(yFS471), rad32∆C (yFS466) and ctp1∆ (OL4121) cells were grown to log phase and 
treated with 0.03% MMS for four hours. Cds1 kinase activity was measured by 
phosphorylation of MBP. (A) Autoradiograph of Cds1 kinase activity and Coomassie 
stained gel. * indicates MBP and # indicates the IgG heavy chain (B) Quantification of 
Cds1 kinase activity relative to untreated wild type kinase activity. Each represents an 
average of three independent experiments and error bars represent the standard error of 
the mean. 
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Ctp1 is not required for the S-phase DNA damage checkpoint 
To test the requirement of 5' resection in MRN's various functions, we examined 
the phenotypes of ctp1∆ cells.  Ctp1 has recently been shown to function with the MRN 
complex in 5' resection (Limbo et al., 2007; Sartori et al., 2007; Takeda et al., 2007).  In 
our panel of phenotypic assays, ctp1∆ behaves as a Class III separation of function allele 
(Table II-2).  In most assays, deletion of ctp1 causes a similar phenotypes to those of 
rad32∆ (Limbo et al., 2007; Akamatsu et al., 2008, Figure II-13B and data not shown).  
In particular, ctp1∆ cells display a significant defect in activation of the Cds1 checkpoint 
kinase in response to MMS-induced DNA damage during S phase, although not as strong 
a defect as rad32∆ cells (Figure II-12).  However, when tested for their ability to slow 
replication in response to DNA damage, cpt1∆ cells display a fully functional S-phase 
DNA damage checkpoint (Figure II-13B).  Therefore, ctp1∆ and the Class III separation-
of-function mutants define a resection- and signaling-independent role for MRN in the S-
phase DNA damage checkpoint. 
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Figure I-13 Ctp1 is Not Required for the S-Phase DNA Damage Checkpoint 
(A) Cellular morphology of log-phase ctp1∆  (OL4121) cells imaged in 100X.  
ctp1∆ morphology is similar to that of the rad32∆ strain.  (B) Quantification of flow 
cytometry analysis of ctp1∆ (yFS650) S-phase DNA damage checkpoint assayed as in 
Figure 2.4. 
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Figure I-14 Summary of mutants. 
 Mutants fall into three classes.  Class III mutants like ctp1∆ separate the 
checkpoint functions from the constitutive functions.  
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Discussion 
To dissect the role of the MRN complex in the S-phase DNA damage checkpoint, 
we created site-directed mutations in the Rad32 (Mre11) subunit that disrupt nuclease 
function or mimic human ATLD mutations.  As a result, we have defined a function for 
MRN in S-phase checkpoint role that is independent of its Ctp1-dependent roles in 
double-strand break resection, constitutive repair and checkpoint signaling.  Specifically, 
we identified three classes of mutants: Class I mutants are similar to wild-type in all 
assays, Class II mutants are similar to rad32 null mutants and Class III mutants behave 
like null mutants in all assays except the S-phase DNA damage checkpoint assay.  In this 
respect, the Class III mutants phenocopy ctp1 null mutants and genetically separate 
MRN's Ctp1-dependent functions from its S-phase checkpoint function.  This genetic 
separation of function demonstrates that at least one of MRN's defining roles is 
independent of its well-studied involvement in DNA damage recognition and checkpoint 
signaling.  Table II-2 and Figure II-14 summarizes our results. 
The Class I alleles, rad32-N122S and rad32-W215C, were both designed to 
recapitulate human ATLD alleles (Stewart et al., 1999; Fernet et al., 2005).  The sites 
mutated are conserved residues in conserved regions of the protein.  However, the fission 
yeast alleles do not show the strong checkpoint phenotypes characteristic of the human 
alleles.  Nonetheless, the fission yeast mutants do display mild HU sensitivity and mild 
spore viability defects, indicating that they somewhat impair MRN function (Figures II-2-
4 and Table II-2).  Furthermore, they display reduced MRN complex formation (Figure 
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II-7), consistent with the fact that they are thought to compromise Nbs1 binding in 
humans (Hopfner et al., 2001; Lee et al., 2003). 
The Class II alleles, rad32-D25A, rad32-D65N and rad32-H134N, affect 
conserved nuclease residues and disrupt in vitro nuclease activity in the budding yeast 
protein (Furuse et al., 1998; Usui et al., 1998; Moreau et al., 1999).  They are similar to 
the null allele in all of our assays.  However, two of them, rad32-D65N and rad32-
H134N, are slightly more resistant to DNA damage than the null, suggesting they retain 
some residual MRN function (Figures II-2-4).  The third allele, rad32-D25A, is 
indistinguishable for rad32∆.  Furthermore, it expresses poorly and fails to form MRN 
complexes (Figure II-7), suggesting that the D25A mutation disrupts overall protein 
structure, consistent with behavior of the budding yeast protein (Krogh et al., 2005).  The 
fact that the D25A mutation leads to significant reduction in Nbs1 expression suggests 
that lack of Mre11 binding destabilizes Nbs1, in agreement with reduced Xrs2 expression 
in budding yeast D25A cells (Krogh et al., 2005).  The fact that our stable nuclease-dead 
alleles behave as nulls contrasts with the behavior of the analogous alleles in budding 
yeast, which retain significant resistance to DNA damage (Krogh et al., 2005).  This 
result highlights differences between the roles of fission yeast MRN and the budding 
yeast MRX in DNA damage metabolism, which are mirrored by differences in their roles 
in replication slowing (Andrews and Clarke, 2005; Chahwan et al., 2003). 
The Class III alleles display a separation-of-function phenotype; they disrupt all 
of MRN's functions except for its checkpoint-dependent role in slowing replication in 
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response to DNA damage.  One of the Class III alleles, rad32∆C, is analogous to a 
human ATLD allele (Stewart et al., 1999).  Rad32∆C deletes the C-terminal DNA 
binding domains of Rad32.  A plausible explanation for the phenotype of rad32∆C cells 
is that Rad32∆C compromises Ctp1 recruitment to sites of MRN function (see below).  
The phenotypes of the other Class III allele, rad32-H134L/D135V, are harder to explain.  
This allele, originally described as mre11-3 in budding yeast, affects two conserved 
nuclease residues and has been characterized as nuclease dead in the context of the 
human protein (Arthur et al., 2004).  Nonetheless, it retains DNA damage recognition 
functions in human cells and replication slowing functions in fission yeast (Arthur et al., 
2004 and Figures II-8 & 10).  In particular, it behaves differently than the other nuclease-
dead alleles in fission yeast, including one, rad32-H134N, that affects one of the same 
residues.  One possibility is that there is sufficient binding of manganese in the Rad32-
H134L/D135V active site to retain residual nuclease function that would support the S-
phase DNA damage checkpoint role, but not other roles, even though that level of 
nuclease activity would be immeasurable in an in vitro assay (Lewis et al., 2004).  In a 
similar vein, Rad32-H134L/D135V may disrupt only a subset of MRN's various endo- 
and exonuclease activities, perhaps disrupting its 3' exonuclease activity, the one which 
has been assayed, but not its endonuclease activity.  Alternatively, it is possible that 
Rad32-H134L/D135V disrupts all nuclease activity, but the Rad32-H134N and the other 
nuclease-dead mutations disrupt additional functions, such as ATP binding or DNA 
binding, required for replication slowing. 
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The role in of the MRN complex in telomere protection is independent from its 
role in the S-phase DNA damage checkpoint.  rad32∆C has a proficient checkpoint but 
has defective telomere function and rad32-D65N and rad32-H124N, which have 
functional telomere pathways have a defective S-phase DNA damage checkpoint.  This is 
in agreement with studies using mammalian cells that indicate that the nuclease activity is 
not required for the telomere function of the MRN (Buis et al., 2008).  
The Class III alleles phenocopy ctp1∆.  Ctp1, the homolog of budding yeast Sae2 
and human CtIP, is an MRN cofactor that is recruited to sites of DNA damage by MRN 
and is required for MRN-dependent resection at double-stand breaks (Sartori et al., 2007; 
Akamatsu et al., 2008; Clerici et al., 2005; Limbo et al., 2007).  The similarity between 
ctp1 and the Class III alleles suggest that these alleles interfere specifically with MRN's 
Ctp1-dependent functions.  Ctp1 and MRN have not been shown to directly interact, but 
MRN is required for Ctp1 to be recruited to a double-strand break, leading to the 
suggestion that the two may interact on DNA (Limbo et al., 2007).  The fact that 
Rad32∆C lacks the C-terminal DNA binding domain suggests that this region may be 
involved in Ctp1 interaction.  However, the fact that the rad32∆C mutant has a less 
severe meiotic phenotype but more severe signaling phenotype than ctp1∆ suggests that it 
affects other functions of MRN, as well. 
The alleles modeled on the human ATLD alleles behave differently in our assays, 
with two, rad32-N122S and rad32-W215C, being Class I wild-type alleles and one, 
rad32∆C, being a Class III separation-of-function allele.  However, the Class I alleles do 
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show some defects, particularly in complex formation, and the Class III allele does show 
some resistance to DNA damage and HU.  These results suggests that the ATLD alleles 
are not qualitative separation-of-function alleles, but rather hypomorphs of various 
strengths, which disrupt some MRN functions but not others due to threshold effects.  In 
vitro biochemical analyses of these alleles have lead to a similar conclusion (Tanya Paull, 
personal communication).  It is worth noting that the inferred separation-of-function 
phenotype of the human ATLD alleles – checkpoint defective but constitutive-repair 
competent – is the opposite of the separation-of-function phenotype we observe for our 
Class III alleles. 
Phenotypic analysis of our rad32 alleles provides a basis for speculation on the 
mechanistic role of MRN in the S-phase DNA damage checkpoint.  Our first conclusion 
is that MRN's role in replication slowing is independent from its role in checkpoint 
signaling.  We draw this conclusion from the fact that the Class III separation-of-function 
mutants have strong signaling defects and yet display fully functional replication slowing.  
Furthermore, one of the Class II mutants, rad32-D65N, is as defective as ctp1∆ for 
signaling, but fails to slow, showing that there is no correlation between signaling and 
slowing.  We have recently reached the same conclusion based on the fact that the 
constitutive activation of checkpoint signaling does not suppress the slowing defect in 
nbs1∆ cells (Willis and Rhind, 2008b).  This conclusion is also consistent with two 
observations from human NBS cells.  First, these cells display slowing defects in 
conditions in which they appear to activate ATM normally (Difilippantonio et al., 2005; 
Kanu and Behrens, 2007).  Second, they degrade Cdc25A, a downstream target of the 
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checkpoint, demonstrating that signaling to that branch of the S-phase DNA damage 
checkpoint is intact (Yazdi et al., 2002). 
Our second conclusion is that MRN's role in replication slowing is independent 
from its resection activity and its role homologous recombination.  The conclusion that 
MRN does not need to resect DNA in order to fulfill its role in replication slowing is 
supported by the observation that Ctp1, which is required for resection, is not required for 
replication slowing (Limbo et al., 2007; Sartori et al., 2007; Akamatsu et al., 2008; 
Clerici et al., 2005;  and Figure II-13 B).  The conclusion that homologous recombination 
is not required for replication slowing is supported by several lines of evidence.  First, 
our Class III separation-of-function alleles are synthetically lethal with rad2∆ (Table II-
3).  Synthetic lethality with rad2∆ is characteristic of mutations that disrupt homologous 
recombination (Symington, 1998).  In addition, Ctp1 is also required for homologous 
recombination (Limbo et al., 2007).  Finally, we have recently shown that Rad51-
dependent homologous recombination is not required for checkpoint-dependent 
replication slowing in fission yeast (Willis and Rhind, 2008a). 
Our third conclusion is that MRN's role in replication slowing may be 
independent from its nuclease activity.  Conclusions regarding the role of MRN's 
nuclease activity in replication slowing are complicated by the fact that three of the 
nuclease-dead mutants, rad32-D25A, rad32-D65N and rad32-H134N, are Class II alleles 
and fail to slow replication, but a fourth nuclease-dead mutants, rad32-H134L/D135V, is 
a Class III allele and is proficient for slowing.  As described above, these results indicate 
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that there are biochemical differences between the Class II nuclease-dead alleles and 
rad32-H134L/D135V, but whether the latter allele has some residual nuclease activity or 
the former alleles disrupt functions in addition to nuclease activity awaits a thorough 
biochemical characterization of all four proteins. 
What role does this leave for MRN in checkpoint-dependent slowing of 
replication?  It has been suggested that the slowing of replication is a consequence of 
DNA repair (Rhind and Russell, 2000).  Our results support this conclusion, in that the 
role of MRN is downstream of signaling, but suggests that this repair is some MRN 
repair function other than homologous recombination.  We have recently shown that 
Mus81 and Rqh1 are both required downstream of checkpoint signaling in the S-phase 
DNA damage checkpoint (Willis and Rhind, 2008a).  Both of these proteins are 
implicated in replication fork metabolism: Mus81 as an endonuclease that can cleave 
stalled forks and promote sister recombination and Rqh1 as a helicase involved in the 
regulation of fork regression (Murray et al., 1997; Stewart et al., 1997; Roseaulin et al., 
2008).  MRN can tether DNA and has been suggested to be involved in coordinating 
recombinational repair at stalled forks (Lisby and Rothstein, 2004; Lisby et al., 2004).  
Since stalled forks do not present double-stand ends, MRN's role at stalled forks may not 
involve its resection activity and thus may be independent of Ctp1.  In such a role, it may 
support the functions of Mus81 and Rqh1 in checkpoint-dependent slowing of 
replication.  However, once forks collapse, double-strand breaks are produced and 
MRN's resection activity may be required for homologous-recombinational restart 
mechanisms (Trenz et al., 2006).  This distinction between stalled forks that are stabilized 
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by the checkpoint and collapsed forks that need to be restarted by homologous 
recombination may explain why MRN's Ctp1-dependent resection activity is dispensable 
for checkpoint-dependent replication slowing but required for checkpoint-independent 
repair of spontaneous S-phase damage (Trenz et al., 2006; Wen et al., 2008). 
Regardless of the mechanism of MRN's role in the S-phase DNA damage 
checkpoint, our results demonstrate that MRN does more in the checkpoint than simply 
recognize DNA damage and activate checkpoint signaling.  Furthermore, they 
demonstrate that MRN's checkpoint role is independent from its resection and 
homologous recombination activities.  Therefore, MRN has at least two biochemically 
distinct repair activities.  Understanding these diverse activities will be essential for 
understanding the role MRN plays in protecting the genome from both exogenous and 
endogenous DNA damage and in preventing cancer. 
Acknowledgements 
We thank P. Russell, P. Jeggo and Y. Tsutsui for providing strains used in this 
work, T. Wang for the anti-Cds1 antibody, T Nakamura for the Tas1 plasmid and 
members of the Rhind Lab, especially Prasanta Patel, for helpful discussions and 
experimental assistance.  This work was funded by NIH GM069957 to NR. 
 84 
Table I-2  Oligonucleotides used in this study 
Name  Sequence Site 
Added 
Allele 
MPG20 TCATCGTACGTACTAACCGATTACATT
AGATGCGTCGAAACACAGCTTAATAAA
CAAATCAACTTATTGGTTAAAAAACGA
CGGATCCCCGGGTTAATTAA 
 rad32∆C 
MPG29 
CTATTAGAATCTTAATATCTTCGGCCCC
ACATGTGGGATATGGG  HaeIII  
rad32-D25A 
MPG3 CGGTAGGTTTTGATTTCAACG   
MPG30 
CCCATATCCCACATGTGGGGCCGAAGA
TATTAAGATTCTAATAG HaeIII 
rad32-D25A 
MPG31 
GGTGGATATGATTTTGTTAGGCGGTAA
TATATTTCACGACAACAAACCG NlaIII  
rad32-D65N 
 
MPG32 
CGGTTTGTTGTCGTGAAATATATTACC
GCCTAACAAAATCATATCCACC NlaIII  
rad32-D65N 
 
MPG33 
CTTAGATCCGAACATCAGCGTGGCCAT
ACCAGTTTTC HaeIII 
rad32-N122S 
MPG34 
GAAAACTGGTATGGCCACGCTGATGTT
CGGATCTAAG HaeIII 
rad32-N122S 
MPG35 
CCAGTTTTCTCAATCCATGGTAATAAC
GATGACCCTTCTGGTGATGGTCG NcoI  
rad32-H134N 
MPG36 
CGACCATCACCAGAAGGGTCATCGTTA
TTA CCATGGATTGAGAAAACTGG NcoI 
rad32-H134N 
MPG37 
CCAGTTTTCTCAATCCATGGTAATCTCG
TTGACCCTTCTGGTGATGG NcoI 
rad32-
H134L/D135
V 
MPG38 
CCATCACCAGAAGGGTCAACGAGATTA
CCATGGATTGAGAAAACTGG NcoI 
rad32-
H134L/D135
V 
MPG39 
CGTCCTGATCTATATCGGGATGAATGC
TTCAACTTATTGACCGTAC BsmI 
rad32-W215C 
MPG40 
GTACGGTCAATAAGTTGAAGCATTCAT
CCCGATATAGATCAGGACG BsmI 
rad32-W215C 
MPG50 CGGGATGAATGGTTCAACTTATTGACC
GTAC 
  
MPG51 TTCACCGTTAATTAAATCATCTAAAAT
TTCGTCATCCTC 
PacI  
MPG52 CAGCGAGCTCTTGATCTTATCAAATTTT
TGTTTAAGTGTACC 
SacI  
MPG53 TCCCCGCGGATCGATGTACCTAATTCT
CGTCCTTGC 
SacII  
MPG6 AGT TGC AAT AGT TGA TCC TGG   
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NR147 TTTATCATTTAATAACTCTATTACTAAA
TTAGTTGTATTTTGGCAGCGATCCACG
AACATCAGGTAAAGAAGCCTGACCAG
AATTCGAGCTCGTTT AAAC 
 rad32∆C 
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Appendix 
Ctp1 reveals a role for Tel1 in DNA damage checkpoints in S. pombe 
Introduction  
The central checkpoint kinases Ataxia-Telangiectasia Mutated (ATM) and ATM 
and Rad3-related (ATR) in vertebrates respond to different types of DNA damage.  In 
fission and budding yeast the ATR homolog Rad3/Mec1 is responsible for checkpoint 
signaling stimulated by all types of DNA damage; however, the ATM homologue, Tel1, 
appears only to play a minor role in checkpoint functions and is important for telomere 
maintenance (Bentley et al., 1996; Nakamura et al., 2004; Usui et al., 2001).  An 
important question left unanswered is why would ATM, such a conserved and important 
protein, behave differently between humans and yeast.  Studies published on S. cerevisiae 
Sae2, an endonuclease involved in DSB resection, have provided some answers, and 
recent investigations of its functional ortholog in S. pombe, Ctp1, have provided data 
suggesting that the two systems in yeast and humans differ very little after all (Lengsfeld 
et al., 2007; Akamatsu et al., 2008; Limbo et al., 2007; Takeda et al., 2007).  
Checkpoint activation and signaling are responsible for suppressing cell cycle 
progression and altering transcription programs in response to DNA damaging agents.  In 
S. pombe, Rad3 the central checkpoint kinase activates and controls these DNA damage 
response pathways (Bentley et al., 1996).  Sensor proteins Rad9, Rad1, Hus1 (the 9-1-1 
complex), Rad17 and the Rad3 adaptor protein Rad26 are also required for checkpoint 
activation (Boddy and Russell, 1999; Humphrey, 2000).  These accessory proteins 
together with Rad3 are responsible for checkpoint activation in response to different 
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damaging agents (Kaur et al., 2001).  When activated, Rad3 phosphorylates the 
downstream transducer kinases Cds1 in S-phase and Chk1 during the rest of the cell 
cycle.   
In humans there are two central checkpoint kinases Ataxia-Telangiectasia 
Mutated (ATM) and ATM and Rad3 related (ATR).  ATM and ATR, like fission yeast 
Rad3, are both serine-threonine kinases with strong evolutionary resemblance to 
phosphoinositide 3-kinases and are classified as phosphoinositide-3-kinase-related 
protein kinase (PIKK) family members (Abraham, 2001).  In humans, ATM and ATR 
respond to different types of damage. Sensor proteins Hus1, Rad1, Rad9 (the 9-1-1 
complex) and Rad17 detect DNA damage, recruit and activate ATR along with its 
adaptor protein ATRIP in the case of replication related DNA damage such as ultraviolet 
(UV) radiation, methylating agents such as methyl methane-sulphonate (MMS), and 
replication inhibitors such as aphidicolin and hydroxyurea (HU)(Abraham, 2001; Melo 
and Toczyski, 2002).  Double strand break (DSB) resection, which is less efficient in G1 
and is promoted by CDK activity, also leads to ATR activation (Branzei and Foiani, 
2008).  ATM on the other hand is activated by DNA damage that causes DSBs such as 
ionizing radiation IR.  ATM activation requires not only the 9-1-1 complex but also the 
MRE11-RAD50-NBS1 (MRN) complex for full function (Uziel et al., 2003). ATR and 
ATM then, like fission yeast Rad3, are responsible for activating repair functions through 
phosphorylation of the transducer kinases, Chk1 and Chk2.  ATM prefers to 
phosphorylate the downstream checkpoint kinase Chk2 and ATR preferentially targets 
Chk1 (Shiloh, 2003).   
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The ATM homologue in fission yeast, Tel1, has been shown to play a role only in 
the maintenance of telomeres (Nakamura et al., 2002; Bentley et al., 1996).  However, in 
S. cerevisiae, a checkpoint role for Tel1 has been uncovered.  The Tel1 role is dependant 
on the Mre11-Rad50-XRS2 (MRX) complex, the budding yeast MRN.  S. cerevisiae 
Tel1, like Tel1 of S. pombe, does not usually play a role in the checkpoint response to 
DSBs.  However, the absence of Sae2 or the introduction of the rad50-S allele (both 
mutations prolong MRX-DNA occupancy at DSBs) can suppress MMS sensitivity of 
mec1∆.  The suppression of the mec1∆ requires Tel1 and Mre11 (Usui et al., 2001; 
Harrison and Haber, 2006).  This observation shows that in the absence of Mec1, Tel1 
may fulfill the Mec1 function, however, only in the absence of DSB resection. This result 
shows that yeast and mammalian systems are not as different as previously believed.   
As discussed earlier, the MRN/MRX complex has many biological functions: 
formation of double strand breaks in meiosis, homologous recombination, telomere 
maintenance, S-phase checkpoint and genome stability during replication.  In the S-phase 
DNA damage checkpoint, MRN acts both in activation of checkpoint signaling and 
downstream of the checkpoint kinases to slow DNA replication (Costanzo et al., 2001; 
Maser et al., 2001; Trenz et al., 2006; Chahwan et al., 2003; Wen et al., 2008; Williams 
et al., 2007).  The role of MRN in checkpoint activation in response to DSBs has been 
parsed out in two general ways.  Firstly, through genetics and cell biology, MRN was 
characterized to resect DSBs, producing single strand DNA which then activated ATR 
(D'Amours and Jackson, 2002).  Secondly, using in vitro assays, MRN was found to be 
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an “end-binding” cofactor for ATM activating the checkpoint in a nuclease-independent 
manner (Lee and Paull, 2007).   
rad50S is a mutation of Rad50, the ATPase subunit of the MRN complex, which 
lacks the ability to remove Spo11 from the ends of meiotic DSBs (Alani et al., 1990; 
Keeney et al., 1997).  Spo11 is a topoisomerase II- like protein that catalyzes the 
formation of DSBs to initiate recombination in meiosis (Keeney et al., 1997).  Cells 
lacking Sae2, an endonuclease involved in meiotic and mitotic DSB processing and 
recombination pathways together with the MRX, display the same meiotic defect as 
rad50S (Lobachev et al., 2002; Clerici et al., 2005; Clerici et al., 2006; Lengsfeld et al., 
2007).  Recent literature suggests that Sae2 may negatively regulate Mec1- and Tel1-
dependent checkpoint response by modulating MXR association and function at DSB 
sites (Clerici et al., 2006).  Clerici et al. also speculate that perhaps Tel1 and Mec1 
kinases limit MRX-dependent checkpoint signaling by phosphorylating Sae2.  
Ctp1 is the functional counterpart of Sae2 in fission yeast.  Ctp1 is involved in 
processing DSB ends in collaboration with the MRN.  Ctp1, Sae2 and human CtIP share 
a conserved C-terminal domain and many of the same phenotypes. CtIP is a regulator of 
checkpoint signaling and DNA repair functions of the MRN complex (Sartori et al., 
2007; Takeda et al., 2007).  Unlike budding yeast Sae2, S. pombe Ctp1 expression is cell 
cycle regulated and may regulate homologous recombination (HR) (Akamatsu et al., 
2008; Limbo et al., 2007).  Ctp1 is not required for checkpoint function in S. pombe 
(Figure II-13).   
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I hypothesized that Ctp1, like Sae2, functions to inhibit Tel1-MRN checkpoint 
activity in wild type cells.  I tested ctp1∆rad3∆ cells for checkpoint function.  I 
discovered that although in the absence of Rad3 and Ctp1 the G2 checkpoint is restored, 
this restoration does not occur with the S-phase DNA damage checkpoint and replication 
slowing.  
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Materials and Methods 
Yeast were grown in YES (yeast extract plus supplements) at 30 ºC and 
manipulated by standard methods (Forsburg and Rhind, 2006).  Temperature sensitive 
strains were grown at 25 ºC unless otherwise stated.  Strains used for this study are listed 
in Table II-1. 
X-ray, UV irradiation, methyl methane sulfonate (MMS) and hydroxyurea survival 
assays 
 
Cells were grown to mid-log phase in liquid YES and 5-fold serially diluted. Aliquots of 
each dilution were plated on solid medium containing 0.01% MMS, 0.03% MMS, 1mM 
HU or 3mM HU and grown for 4 days at 30°.  X-ray irradiation was done in a Faxitron 
X-ray RX-650 at 130 kVp at 5 mA (10 Gy/min) at room temperature with cells 
suspended in liquid YES; cells were immediately plated in triplicate on YES solid media, 
incubated for 3 or 4 days and counted.  
G2 checkpoint assays 
 Cells were synchronized in G2 by elutriation and then irradiated with 100 Gy in a 
Faxitron X-ray RX-650 at 130 kVp at 5 mA (10 Gy/min) at room temperature with cells 
suspended in liquid YES.  Cells were then grown at 30°C and samples were counted 
every 20 minutes to follow septation rates.  
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S-phase progression 
Synchronization, flow cytometry of isolated nuclei and S-phase progression analysis 
were performed as previously described (Kommajosyula and Rhind, 2006; Willis and 
Rhind, 2008). 
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Table I-3  Yeast Strains used in this study 
Strain Genotype Source 
OL4121 h- leu1-32 ura4-D18 ctp1::kanMX6 Limbo et 
al. 2007 
yFS105 h- leu1-32 ura4-D18 Lab Stock 
yFS189 h- leu1-32 ura4-? ade6-704 rad3::ura4 Lab Stock 
yFS260 h- leu1-32 ura4-D18 rad3::ura4 cdc10-M17 Lab Stock 
yFS262 h+ leu1-32 ura4-D18 ade6-210 his3-D1 cdc10-M17 
rad32::kanMX4 
Lab Stock 
yFS450 h- leu1-32 ura4-D18 his3-D1 rad32::kanMX4 Lab Stock 
yFS466 h- leu1-32 ura4-D18 rad32∆C-13Myc:kanMX6 This study 
yFS467 h- leu1-32 ura4-D18 rad32-13Myc:natMX6 This study 
yFS468 h- leu1-32 ura4-D18 rad32-H134N -13Myc:natMX6 This study 
yFS469 h- leu1-32 ura4-D18 rad32-D65N-13Myc:natMX6 This study 
yFS470 h- leu1-32 ura4-D18 rad32-D25A-13Myc:natMX6 This study 
yFS471 h- leu1-32 ura4-D18 rad32-H134L/D135V-13Myc:natMX6 This study 
yFS472 h- leu1-32 ura4-D18 rad32-N122S-13Myc:natMX6 This study 
yFS473 h- leu1-32 ura4-D18 rad32-W215C-13Myc:natMX6 This study 
yFS618 h+ leu1-32 ura4-? rad32-N122S-13Myc:natMX6 
rad3::ura4 
This study 
yFS619 h+ leu1-32 ura4-? rad32-W215C-13Myc:natMX6 
rad3::ura4 
This study 
yFS670 h- leu1-32 ura4-? rad32-D65N-13Myc:natMX6 rad3::ura4 This study 
yFS671 h+ leu1-32 ura4-? ade6-704 rad32-H134N-13Myc:natMX6 
rad3::ura4 
This study 
yFS672 h- leu1-32 ura4-? rad32∆C-13Myc:kanMX6 rad3::ura4 This study 
yFS673 h+ leu1-32 ura4-? ade6-704 rad50::kanMX6 rad3::ura4 This study 
yFS674 h+ leu1-32 ura4-? rad32-D25A-13Myc:natMX6 
rad3::ura4 
This study 
yFS675 h+ leu1-32 ura4-? nbs1::kanMX6 rad3::ura4 This study 
yFS676 h- leu1-32 ura4-? his3-D1 rad32::kanMX6 rad3::ura4 This study 
yFS677 h- leu1-32 ura4-? ctp1::kanMX6 rad3::ura4 This study 
yFS678 h? leu1-32 ura4-? rad32-H134L/D135V-13Myc:natMX6 
rad3::ura4 
This study 
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Results  
ctp1∆ in rad3∆ cells results in a restoration of the G2 DNA damage checkpoint.  
In order to determine the role of Ctp1 in the G2 DNA damage checkpoint, we 
synchronized cells in G2 by elutriation and irradiated them with 100 gray of ionizing 
radiation.  Progression through mitosis was measure by counting septation every 20 
minutes.  Wild-type cells progress through mitosis between 60 and 80 minutes after 
elutriation.  ctp1∆ cells progress much slower even in the absence of damage due to 
defects in cell cycle progression presumably due to failure of double strand break repair 
(Limbo et al., 2007).  In response to DSBs, wild-type cells delay entry into mitosis by 
activating the G2 DNA damage checkpoint.  In this assay, IR treated wildtype cells delay 
entrance into mitosis until 120 minutes after elutriation where as, rad3∆ cells progress 
into and through mitosis without delay.   The rad3∆ctp1∆ double mutant shows a wild-
type like delay in entry into mitosis indicating that deletion of Ctp1 restores G2 
checkpoint function in rad3∆ cells. Figure II-14 shows the wildtype, rad3∆, ctp1∆ and 
the rad3∆ctp1 G2 checkpoint functions as measured by a delay in mitotic entry. 
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Figure I-15 ctp1∆ Suppresses the rad3∆ G2 Checkpoint Defect 
 The response of wild-type, rad3∆, ctp1∆ and rad3∆ctp1∆ cells to 100 gray 
ionizing radiation.  Cells were synchronized by G2 elutriation and exposed to x-rays.  
Progression through mitosis was monitored by microscopically following cell septation.   
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ctp1∆ in rad3∆ cells does not restore the S-phase DNA damage checkpoint.  
 Since ctp1∆ restores G2 checkpoint function in the rad3∆ strain, I determined 
whether the S-phase DNA damage checkpoint was also restored.  Methyl methane-
sulfonate (MMS), which produces DNA damage in the form of base methyl-adducts, was 
used to induce the checkpoint and produce slowing response.  MMS-induced damage is 
recognized during replication activates the S-phase DNA damage checkpoint.  Cells were 
synchronized in G1 by a combination of elutriation and a cdc10-ts block and release, 
treated with 0.03% MMS and followed through replication by flow cytometry (Figure II-
15).  Untreated cells replicated between 40 and 80 minutes after release from G1.  MMS-
treated wild-type cells fail to complete replication by 180 minutes.  However, checkpoint 
defective strains, such as rad3∆, continue replication despite the presence of DNA 
damage.  ctp1∆ have a proficient checkpoint and not required for slowing (Figure II-13).  
Unlike the G2 DNA damage checkpoint, deletion of ctp1 does not restore the S-phase 
DNA damage checkpoint in rad3∆ cells.  
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Figure I-16 ctp1∆ Does not Restore the S-phase DNA damage Checkpoint Defect in 
rad3∆ Cells 
i) rad3∆ctp1∆ cells were synchronized in G1 by a combination of a cdc10M17ts 
block and release and centrifugal elutriation and followed through replication by flow 
cytometry.  ii) Quantification of progression through replication.  Each curve represents 
the average of two experiments and error bars represent standard error of the mean.  
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ctp1∆ rad3∆ cells are sensitive to hydroxyurea.  
To determine the role of Ctp1 in response to replication fork-specific DNA 
damage, I measured hydroxyurea (HU) sensitivity of the ctp1∆ rad3∆ double mutant by 
serial spotting and transient HU arrest.  Serial spotting revealed no decreased sensitivity 
(Figure II-16A).  For HU arrest, G2 cells were synchronized by elutriation and incubated 
in rich media containing 10mM HU.  Septation was counted every twenty minutes.  In 
response to 10 mM HU, wild type cells septate once and then arrest in S phase.  rad3∆ 
cells also septate but then do not arrest in HU and continue on to divide in the presence of 
an unreplicated genome undergoing catastrophic mitosis.  Catastrophic mitosis occurs 
when cells try to segregate incompletely replicated chromosomes.  This phenotype can be 
visualized as very small cells displaying septa, when DAPI stained these cells show 
fragmented nuclei.  This phenotype in fission yeast is referred to as cut or “cells untimely 
torn” phenotype.  ctp1∆ rad3∆ cells show the cut phenotype indicating that deletion of 
ctp1 does not rescue the rad3∆ phenotype proceeding through mitosis without 
completing replication (Figure II-16B).  
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Figure I-17 ctp1∆ Does Not Rescue HU Sensitivity in rad3∆ Cells 
A).  DNA damaging agent sensitivity of rad3∆ctp1∆.  MMS and HU sensitivity.  Cells 
were diluted in a 5 fold serial dilution and spotted onto YES plates containing 1 or 3mM 
HU or 0.01%MMS as indicated.  B) Septation index of rad3∆ctp1∆ cells, synchronized 
in early G2 by centrifugal elutriation and followed through a synchronous cell cycle in 
the presence or absence of 10 mM HU.   
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MRN complex member deletion or Rad32 mutations do not result in a restoration of 
the G2 DNA damage checkpoint.  
 Because Ctp1 plays a role in MRN-dependent DSB resection and some rad32 
mutations behave like ctp1∆ (Chapter II), we proposed that these rad32 mutations were 
disrupting MRN interaction with Ctp1.  Disruption of this interaction may rescue the 
rad3∆ failure to prevent mitosis after DNA damage, acting genetically much like the 
ctp1∆. I tested all the rad32 mutations for restoration of the G2 DNA damage checkpoint 
in rad3∆ cells.  Asynchronous cultures were irradiated with 100 gray, and septation index 
was counted before and about 40 minutes after irradiation (Table II-6).  Asynchronous 
cultures are about 10% septated on average.  Cells with an intact G2 checkpoint will 
arrest in G2 and remain unseptated whereas checkpoint defective strains will continue to 
septate causing an increase in the percent of cells septated.  rad3∆ rad32∆C was also 
tested by the synchronized method (Figure II-17).  None of the rad32 mutants tested were 
able to restore the G2 DNA damage checkpoint.  Also, these rad32 rad3∆ mutants were 
equally sensitive ionizing radiation as the rad3∆ parent (Figure II-18).   This data 
indicates that the rad32 mutants tested did not rescue rad3∆ mutant IR sensitivity or 
checkpoint response. 
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Table I-4 The G2 Checkpoint is not Restored by MRN Mutants 
Strain Septation Septation 100 Gray 
Wild type 4% 1% 
rad3∆ 8% 14% 
ctp1∆ 4% 3% 
rad3∆ctp1∆ 12% 6% 
rad3∆rad32∆ 9% 23% 
rad3∆nbs1∆ 8% 24% 
rad3∆rad50∆ 8% 24% 
rad3∆rad32-N122S 7% 29% 
rad3∆rad32-W215C 7% 26% 
rad3∆rad32-H134N 8% 13% 
rad3∆rad32∆C 6% 14% 
rad3∆rad32-D25A 5% 15% 
rad3∆rad32-D65N 8% 15% 
 
 
 102 
 
 
Figure I-18 rad3∆rad32∆C does not Suppress the rad3∆ G2 Checkpoint Defect. 
 The response of rad3∆rad32∆C cells to 100 gray ionizing radiation.  Cells were 
synchronized by G2 elutriation and exposed to x-rays.  Progression through mitosis was 
monitored by microscopically following cell septation.   
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Figure I-19 MRN Mutants do not Suppress IR Sensitivity of rad3∆. 
 Cells were diluted in a 5 fold serial dilution and spotted onto YES plates.  IR 
treated cells were irradiated before dilution.   
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Discussion 
Ctp1 plays a role in suppressing checkpoint function of Tel1 in wild-type cells.  
ctp1 deletion restores G2 DNA damage checkpoint function in rad3∆ mutants.  This 
checkpoint restoration is Tel1-dependent (Russell Lab, personal communication).  We 
show checkpoint restoration is specific to the G2 DNA damage checkpoint.  The S-phase 
DNA damage checkpoint is not restored in ctp1∆rad3∆ double mutants.  Still, this 
discovery shows fission yeast checkpoint pathways act much more like those described in 
metazoans. Despite the fact that Tel1 plays a minor role in checkpoint response in Rad3+ 
cells, when Rad3 and Ctp1 are absent, Tel1 appears to function only in response to DSBs 
and IR, much like metazoan ATM. Rad3, the ATR homologue, responds not only to DSB 
but also other DNA adducts which interfere with replication much like ATR in higher 
eukaryotes. 
The studies of Sae2 in S. cerevisiae spurred this investigation into the role of 
fission yeast Ctp1 in checkpoint responses.  There are many similarities between the two 
systems but there are also differences.  The budding yeast Tel1-MRX pathway can be 
seen in response to MMS and HU whereas in fission yeast these damages do not activate 
a Tel1 response.   
This data reconciles the differences between the views of how MRN works in 
checkpoint activation.  It suggests a model where MRN and Ctp1/CtIP/Sae2 regulate 
whether ATM/Tel1 or ATR/Rad3/Mec1 is activated by double-strand breaks.  MRN 
alone can bind to DSB ends and activate ATM or it can collaborate with Ctp1 to resect 
the ends and create a single-strand section and activate ATR.  
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Introduction  
DNA may be repaired by any one of several methods.  Some repair mechanisms 
lead to mutation or differences in new repaired DNA sequence from the original. An 
error-free method of DNA repair, however, is the successful use of DNA template that is 
an exact replica of the original sequence.  This method utilizes homologous 
recombination (HR).  Homologous recombinational repair prevents mutation, genomic 
instability and cancer (Puget et al., 2005).   
Homologous recombination is used to repair several forms of DNA damage, 
including several severe forms of DNA damage such as double strand breaks (DSBs) and 
inter-strand crosslinks (Kanaar et al., 1998; Symington, 2002).  In budding yeast 90% of 
DSBs are repaired by homologous recombination and in mammalian mitotic cells about 
up to 50% are repaired by HR(Gonzalez-Barrera et al., 2003).  
Error-free repair of DNA damage by homologous recombination occurs by 
copying the DNA sequence of a neighboring undamaged identical sister chromatid, a 
process which can result in sister chromatid exchange (SCE).  If the process occurs with 
sequences from other places in the genome such as between homologous chromosomes 
or repetitive sequences, homologous recombination may cause translocations, inversions, 
deletions and other forms of genomic instability.  Homologous recombination can also 
lead to the loss of heterozygosity if it occurs between a maternal and paternal 
chromosome.  Because of these properties, homologous recombination is tightly 
regulated.  
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Homologous recombination involves the use and possible exchange of genetic 
material between homologous sequences.  Four models have been proposed for repair of 
DSBs by homologous recombination.  Three of these models can result in SCE.  In the 
first model, double-strand-break repair (DSBR), two ends of a double strand break are 
resected to reveal single strand ends that invade the sister chromatid, each creating a 
crossover between homologous sequences call a Holliday junction.  These two Holliday 
junctions can migrate laterally from the initial site of exchange creating large exchanged 
patches up to kilobases in length (Birmingham et al., 2004).  Holliday junctions are 
resolved by endonucleolytic cleavage and dependent on how these crossovers are cut will 
generate either crossover or non-crossover SCE (Figure III-1; Symington, 2002).  In the 
second model termed synthesis-dependent strand-annealing (SDSA), DSB ends are 
processed to yield 3’ single-stranded tails.  One tail is used to invade a homologous intact 
duplex and primes DNA synthesis or strand extension.  This creates a displacement loop 
(D-loop), which may be extended by this DNA synthesis or may simply migrate with the 
newly synthesized DNA.  After displacement, the nascent strand pairs with the other 3’ 
single stranded tail and DNA synthesis and ligation completes repair.  This model, too, 
may lead to either crossover or non-crossover SCE depending on resolution of the cross-
over junctions (Figure III-2; Symington, 2002).  The third SCE model, break-induced 
replication (BIR), begins similarly to the SDSA but the D-loop (which resembles a 
replication fork) is never resolved and replication continues to the end of the intact piece 
of DNA.  BIR leads to the complete synthesis of a chromatid arm on the broken 
chromatid; this is not actually SCE but would resemble such an exchange event by 
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physical assay, since the new DNA would be seen as an unlabeled patch or region on an 
otherwise labeled chromosome (Figure III-3; Symington, 2002).  The fourth model 
single-strand annealing (SSA), involves exchange between DNA repeats.  3’ ends are 
resected revealing complementary ssDNA sequences that are directly annealed to one 
another and the ends are ligated resulting in deletion of a repeat and the sequence 
between repeats (Figure III-4; Symington, 2002).  SSA is not expected to lead to SCE.  
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Figure I-1 The DSBR Model 
 In the double-strand break repair model a double strand break (A) is processed to 
generate 3’ single-stranded tails (B).  In this model the invading strand invades twice (C, 
D), priming DNA synthesis.  After ligation a double Holliday junction is formed (D), the 
Holliday junction can be cleaved in two ways.  If the two junctions are cleaved in the 
same way the resolution results in non-crossover sister chromatid exchange (E).  If the 
two junctions are cleaved in different ways the resolution results in crossover sister 
chromatid exchange (F).  
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Figure I-2 The SDSA Model 
 In the synthesis-dependent strand-annealing model, just like the DSBR the double 
strand break (A) is resected (B) and the invading strand invades the homologous duplex 
(C).  After DNA synthesis is primed, a displacement loop (D-Loop) is formed it is either 
extended by synthesis or it migrates with the newly synthesized DNA (D).  After 
displacement from the donor, the nascent strand pairs with the other 3’ single stranded 
tail and DNA synthesis continues (E).  
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Figure I-3 The BIR Model 
 In the break-induced replication model, just like the SDSA the double strand 
break (A) is resected (B) and the invading strand invades the homologous duplex (C).  
After DNA synthesis is primed, it continues to the DNA molecule (D).  BIR results in 
synthesis of a new chromatid arm (E).  
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Figure I-4 The SSA Model 
 Single-strand annealing works when a double-strand break occurs between direct 
repeats (A).  Resection generates 3’ single stranded tails (B).  The complementary 
sequences then anneal (C).  The 3’ tails are endonucleolytically cleaved and the nicks are 
ligated, resulting in deletion of a repeat (D).  
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When homologous recombination occurs between two sister chromatids the 
sequence of the repaired sister chromatid is identical to the undamaged sister.  While this 
repair process is ideal for the cell, it makes studying homologous recombination difficult 
because few of the repaired sister’s characteristics can be assayed.  One physical 
difference of the repaired sister is the presence of DNA that was originally part of its 
sister chromatid. 
Several methods have been used to study homologous recombination.  Since 
equal SCE cannot be detected genetically, most recombination studies have involved 
recombination between homologous chromosomes or between intrachromosomal DNA 
repeats which contain heteroalleles in order to detect unequal SCE (Figure III-5 Szostak 
and Wu, 1980; Jackson and Fink, 1981; Petes, 1980; Fasullo et al., 2001; Fasullo and 
Davis, 1988; Klein, 1988; Kadyk and Hartwell, 1992; Johnson and Jasin, 2000; 
Symington, 2002; Osman et al., 2000).  These systems are described in Chapter I.  
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Figure I-5 An Example of an Unequal Sister Chromatid Exchange Assay Used in S. 
pombe 
 A) The ade6 heteroallele cassette.  B) If the two sisters align up perfectly the 
equal sister chromatid occurs and there is no genetic distinction from the original.  C) If 
the two sisters align unequally and recombination occurs it results in two different 
genetic outcomes for the daughter cells.  D) One cell receives both copies of the ura4 
gene and only mutant ade6 alleles (auxotroph).  E) The other cell receives a functional 
ade6 gene but it no longer contains the ura4 gene (prototroph).  
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SCE may be visualized by physically labeling one sister chromatid with 
thymidine analogs such as bromodeoxyuridine (BrdU) prior to the exchange event. 
Staining for labeled and unlabeled DNA results in a mosaic pattern in metazoan cells.  
These events may only be seen upon chromosome condensation in metaphase and such 
chromosomes are referred to as harlequin chromosomes (Wolff, 1977). This metaphase 
assay is useful for examining the exchange of very large pieces of DNA.  However this 
method will not work for visualization of genetic exchange involving much smaller 
stretches of DNA and, nor will it work for examining SCE resulting in non-crossover 
events.  This method also cannot be used to examine SCE in yeast which lack well 
defined metaphase chromosomes.  
Homologous recombination between sister chromatid homologous sequences may 
produce two different outcomes; equal sister chromatid exchange, where the resolved 
chromosomes are identical, and unequal sister chromatid exchange, which results in 
deletion or nonreciprocal exchange of genetic information.  In vivo the frequency of 
repair resulting in equal SCE is presumed much higher than unequal SCE.  The frequency 
of equal SCE is expected to be much higher than detected exchange in harlequin 
metazoan chromosomes because of the inability to observe kilobase-sized exchange.  
Unequal SCE assays in mammalian cells indicate that DSB repairs are repaired utilizing 
the homologous sister chromatid at a frequency 2-3 orders of magnitude higher than 
between homologs indicating that the cell prefers the method that causes the smallest 
number of genetic changes (Johnson and Jasin, 2000; Moynahan and Jasin, 1997; 
Richardson et al., 1998).  In budding yeast the use of sister chromatid exchange is 
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suspected because diploid cells tolerate X-ray exposure far better in G2 (when sister 
chromatids are present) than in G1 (when only homologous chromosomes are present).  
G2 cells still display low levels of recombination between homologs, therefore there must 
be some undetectable recombinational repair occurring (Fabre et al., 1984; Brunborg et 
al., 1980).  Using unequal SCE to measure recombination rates, G1 cells repair DSBs 
using a homologous chromosomes while G2 cells repair using sister chromatids (Kadyk 
and Hartwell, 1992).  Gonzalez-Barrera et al. designed a plasmid containing heteroalleic 
inverted repeats.  Using this substrate they showed that the major repair of a single DSB 
is the homologous sequence of the sister chromatid and not an inverted repeat engineered 
into the damaged chromatid (Gonzalez-Barrera et al., 2003).  These results indicated that 
most DSB repair occurs utilizing SCE.  However, these assays do not address the amount 
of spontaneous SCE occurring in response to endogenous sources of DNA damage 
without artificial stimulation, nor does the measurement of unequal exchange truly 
represent the amount of error-free, genetically invisible, exchange.  
To measure the rate of equal SCE in yeast, we are developing an assay using 
BrdU labeling and DNA combing to allow us to visualize individual DNA fibers and 
discriminate between exchanged and un-exchanged regions or patches of DNA.  This 
assay will be used to measure spontaneous rates of SCE, differences when faced with 
DNA damage and the genetic requirements for SCE.  The assay will also be used to 
determine the genetic requirements for regulation of homologous recombination and 
allow the comparison of unequal SCE with equal SCE rates.  The assay will be useful in 
examining the connection between recombination and replication as well as the role of 
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recombination in slowing progression of S-phase and regulation of recombination as part 
of the S-phase DNA damage checkpoint response.  
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Materials and Methods  
Yeast Methods 
Yeast were grown in YES (yeast extract plus supplements) at 30 ºC and 
manipulated by standard methods (Forsburg and Rhind, 2006).  Temperature sensitive 
strains were grown at 25 ºC unless otherwise stated.   
BrdU South-Western Blotting 
DNA was prepared by phenol chloroform extraction and run on a 1% agarose gel, 
denatured, neutralized and transferred overnight in 20xSSC to nitrocellulose.  The 
membrane was hydrated with BrdU blot buffer (20mM Tris-HCl, pH 8.0, 137mM NaCl, 
0.1%Tween-20), and blocked with 5µg/ml BSA in BrdU buffer for 1 hr.  BrdU labeled 
DNA was detected with anti-BrdU (BD) 1:1000 in BrdU buffer for 2 hrs and then anti-
mouse HRP for 1 hr.  
DNA Combing 
Combing was performed as previously described (Patel et al., 2006).  Combed DNA was 
stained with mouse anti-ssDNA antibody 1:100, anti-mouse Alexa- 488 1:200, rat anti-
BrdU 1:200 and anti-rat Alexa-594 1:400.  
Flow cytometry  
Flow cytometry of isolated nuclei was performed as previously described 
(Kommajosyula and Rhind, 2006; Willis and Rhind, 2008). 
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Results 
Principle of the Assay 
DNA combing may be used to examine SCE similarly to the metaphase harlequin 
chromosomes assay discussed previously.  Genomic DNA will be labeled in vivo in a 
synchronous culture with the thymidine analog BrdU ensuring that only one round of 
replication will be allowed to incorporate BrdU. This labeling will result in each cell 
containing hemi-labeled sister chromatids in the first G2 after labeling.  Removing BrdU 
prior to the subsequent round of replication will ensure that each cell contains one hemi-
labeled and one unlabeled sister chromatid in the second G2 after labeling.  Cells will 
then be allowed to engage in subsequent rounds of replication with or without DNA 
damage or other insult. Using DNA combing we will monitor crossover and non-
crossover sister chromatid exchange by staining DNA with anti-DNA and anti-BrdU 
antibodies (Figure III-6).   
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Figure I-6 Equal Sister Chromatid Exchange Assay 
 Cells will incorporate BrdU into the DNA during one S-phase and replicate the 
DNA once without BrdU.  When homologous recombination occurs during the unlabeled 
S-phase or the subsequent G2 the result will be either non-cross over or crossover sister 
chromatid exchange.   
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Figure I-7 Thymidylate Synthesis Pathway 
 The de novo thymidine synthesis pathway and the salvage pathway in yeast 
created by the addition of hENT1 and Thymidine Kinase.   
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Initial Experiments 
Yeast are unable to incorporate exogenous thymidine or thymidine analogs into 
their DNA because yeast do not have a thymidine salvage pathway.  All of our 
experiments use a strain background that containing such a salvage pathway, comprised 
of the human equilibrative nucleoside transporter 1 (hENT1) and the thymidine kinase 
(tk) from herpes simplex virus (Figure III-7 Sivakumar et al., 2004).  hENT1 is a 
nucleoside transporter that allows exogenous thymidine and thymidine analogs to be 
imported into the yeast cell quickly.  Thymidine kinase phosphorylates thymidine 
allowing it to be incorporated into DNA upon replication.  
Initially, I synchronized cells in G2 by elutriation and briefly incubated cells in 
500nM BrdU for five minutes.  500nM was the concentration used because this 
concentration allowed easy detection of BrdU containing DNA and did not cause 
cytotoxicity (Sivakumar et al., 2004).  Cell cycle progression was monitored by septation 
count.  Cells were collected at the peak of septation for three cell cycles; septation is used 
as a morphological marker for fission yeast cells in mid-S phase.  We found DNA to be 
strongly labeled even in samples taken after the third round of replication (Figure III-8). 
This indicated that this scheme did not allow for short-term pulse labeling of DNA with 
BrdU.  It is likely that the BrdU enters the cells through hENT1 and is immediately 
phosphorylated.  Once converted to BrduMP, it can no longer use the hENT1 transporter.  
I then tried a reduced concentration of BrdU and used BrdU blotting to follow and 
measure BrdU incorporation. Various concentrations of BrdU were tested and chased 
with various concentrations of thymidine (Figure III-9).  These results suggested that 
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chasing BrdU with thymidine after BrdU wash out might further reduce BrdU 
incorporation into DNA.  Blotting results indicated that BrdU incorporation levels were 
reduced, however DNA combing revealed the continued presence of incorporated BrdU 
showing that cellular levels of BrdU were still too high, even 24 hrs after BrdU wash out.  
I hypothesize that, because the cells are using the de novo thymidine synthesis pathway, 
exogenous thymidine analogs including BrdU, are not processed quickly enough for the 
pulse to be an effective method for hemi-labeling genomic DNA. 
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Figure I-8 BrdU Labeled DNA 
 Cells growing in liquid culture were given a 5-minute 500nM BrdU pulse.  Cells 
were followed through the cell cycle by monitoring the septation index and pellets were 
collected in each S-phase of three cell cycles.  This particular sample is from the third 
cell cycle.  DNA was prepared in agarose plugs and combed.  All fibers were completely 
labeled with BrdU.  
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Figure I-9 BrdU Blots Show That BrdU Can be Chased With Thymidine 
 Asynchronously growing cells were given a 5-minute pulse of BrdU at the 
concentrations marked and chased with thymidine as marked.  Cells were spun down at 
30 minutes, 2.5 hours, 5 hours and 7.5 hours.  DNA was prepared and run on an agarose 
gel, transferred to nitrocellulose.  BrdU was detected with anti-BrdU antibody.  + 
represents cells that were labeled with 500nM BrdU for the duration of time course.  
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Thymidylate Synthase 
 I attempted to create a S. pombe yeast strain that required exogenous thymidine 
for replication thus leading to and requiring much more rapid incorporation of exogenous 
BrdU.  In S. cerevisiae a strain was successfully created that contained a similar 
transgenic thymidine salvage pathway as the S. pombe strains I described (Vernis et al., 
2003). This budding yeast strain lacks the thymidylate synthase gene which is an enzyme 
required for methlylating dUMP to produce dTMP and ultimately dTTP (thymidine 
triphosphate).  With this gene deleted, the cells are starved for dTTP and cannot engage 
in replication.  Deletion of the thymidylate synthase gene results in a mutant that survives 
only in the presence of exogenous sources of thymidine (Vernis et al., 2003). 
To construct a similar strain in S. pombe, I targeted the thymidylate synthase gene 
for deletion using traditional PCR method in three different strain backgrounds (Bahler et 
al., 1998).  First, I tried to delete the gene in a tk, hENT1 haploid strain and recover 
survivors plated on media containing various thymidine concentrations.  Next, I 
attempted to delete thymidylate synthase in a diploid strain that contained a single copy 
of tk and hENT1.  Finally, I cloned the thymidylate synthase gene into an episomal 
vector and recovered stable haploid transformants.  All attempts to delete the endogenous 
gene in this strain failed and resulted in deletion of the gene carried on the plasmid.  I 
also attempted to control expression of the thymidylate synthase gene using the inducible 
nmt1 promoter; addition of thiamine (vitamin B1) inhibits nmt1 driven transcription. This 
inhibition did not result in reduced BrdU incorporation even after multiple attempts.   
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FUdR Inhibition Experiments 
Because deleting thymidylate synthase was not a feasible option for better 
controlling BrdU incoperation, I used a chemical method to control thymidylate synthase 
activity.  I inhibited thymidylate synthase function using 5-fluoro-2’-deoxyuridine 
(FUdR).  FUdR is phosphorylated by thymidine kinase to create 5-fluorodeoxyuridylate 
(F-dUMP), which acts as a non-competitive inhibitor of thymidylate synthase (Sivakumar 
et al., 2004).  In cells treated with FUdR, the S-phase checkpoint is activated, and 
septation does not occur.  These cells continue to elongate until exogenous dTTP is 
supplied.  FUdR concentrations greater than 100nM result in cell death in cells 
expressing thymidine kinase (Sivakumar et al., 2004).   
FUdR Concentrations  
I first determined the optimal FUdR concentration needed to inhibit de novo 
synthesis of dTTP, but able to allow cell recovery when FUdR is removed or thymidine is 
added.  Cells were synchronized at the G2/M boundary using a cdc25 temperature 
sensitive mutant. Cdc25 phosphatase is required to dephosphorylate fission yeast CDK, 
Cdc2, allowing entry into mitosis.  Cells were grown at the non-permissive temperature 
for 4 hours and upon release to permissive temperature, media was immediately 
supplemented with 25nM, 50nM, 75nM, or 100nM FUdR.  Cell progression through G2 
and into S phase was followed using septation count.  FUdR concentrations above 25nM 
caused cells to arrest in S phase after septating twice, indicating that FUdR had activated 
the S-phase checkpoint.  However, at concentrations above 75nM FUdR, cells were 
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unable to recover after FUdR was washed out.  I used 75nM FUdR for all further 
experiments.   
That FUdR did not arrest cells until the third cell cycle was a surprise.  
Hydroxyurea (HU) is a competitive inhibitor or ribonucleotide reductase, which works by 
a similar mechanism to FUdR.  When released from a cdc25-22 arrested G2 cultures, 
cells septate once before they enter S phase.  If the first S-phase is blocked cells will 
arrest before the second septation, this is the case in HU.  However, as the cells septate a 
second time in FUdR, it suggests that replication occurs during the first S-phase after 
release and FUdR does not cause arrest until the second S-phase (Figure III-10).  To 
compensate for this difference, I added FUdR at the beginning of the G2/M arrest.  The 
delay in cellular response to FUdR treatment may be because FUdR must be 
phosphorylated prior to chemically inhibiting thymidine synthase (Figure III-11).   
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Figure I-10 HU Arrests Cells After One Round of Septation, FUdR Arrests After 
Two Rounds. 
 Cells were arrested at G2/M for 4 hours by a cdc25-22 allele; drugs were added at 
time of release to permissive temperature.   
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Figure I-11 The Addition of FUdR at the Start of the G2/M Arrest Causes S-phase 
Arrest After the First Round of Septation 
 Cells were arrested at G2/M for 4 hours by a Cdc25-22 allele; drug was added at 
the start of the 4-hour arrest.  Cells grown in FUdR were unable to continue replication 
during the first S-phase.  
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Using the results from the experiments described above, I determined optimal 
experimental conditions.  To inhibit de novo thymidine synthesis, I used 75nM FUdR.  
To ensure that in the absence of thymidine synthesis cells are able to import exogenous 
thymidine, I used 500nM thymidine.  Analysis of cells containing 75nM FUdR and 
500nM thymidine by septation and flow cytometry indicated that these cells replicate 
similarly to untreated cells (Figure III-12).  I also tried to get cells to replicate using BrdU 
only.  As can be seen in Figure III-10, cells treated with FUdR and BrdU only cannot 
continue replication.  BrdU adds bulk to the major grove of DNA, which presumably 
disrupt protein-DNA interactions (Sivakumar et al., 2004).   
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Figure I-12  Cells treated with thymidine and FUdR replicate normally. 
Cells were arrested at G2/M for 4 hours by a cdc25-22 allele; drug was added at 
the time of arrest.  Cells in 500nM thymidine and 75nM FUdR are able to replicate as 
well as untreated cells. (A) Flow cytometry (B) Septation was counted every 20 minutes. 
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After examining several experimental conditions using varying combinations of 
BrdU and FUdR, I determined the best method to assay for BrdU incorporation.  First, 
75nM FUdR is added at the time of the G2/M arrest; at the same time a 5-minute pulse of 
500nM BrdU was delivered.  The BrdU was then washed out and cells remained in FUdR 
for the remainder of the experiment.  After the first round of septation was completed, 
1µM thymidine was then added to allow cells to continue replicating (Figure III-13-14).  
The addition of FUdR and the short pulsing with BrdU forces the cells to utilize the entire 
pool of BrdU for replication.  In the presence of 75nM FUdR and 1µM thymidine cells 
proliferate at a similar rate as untreated cells indicating that enough thymidine is present 
for DNA replication and growth. 
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Figure I-13 Labeling Conditions for BrdU Pulse 
 Cells were arrested at G2/M for 4 hours by a Cdc25-22 allele; drugs were 
added at the time of G2/M arrest.  Septation was counted every 20 minutes. 
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Figure I-14 Cells chased with 1µM Thymidine Replicate Like Untreated Cells 
 Cells were arrested at G2/M for 4 hours by a Cdc25-22 allele; drugs were added 
at the time of G2/M arrest.  Samples were collected for flow cytometry every 20 minutes 
after release to permissive temperature.  i) untreated  ii) 75nM FUdR, 5-minute pulse 
500nM BrdU no chase  iii) 75nM FUdR, 5-minute pulse 500nM BrdU chased with 1µM 
thymidine added at 90 minutes  
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BrdU incorporation into the DNA was analyzed by Southwestern blotting.  In 
these assays DNA is extracted from cells, run on an agarose gel and transferred to 
nitrocellulose membrane.  DNA containing incorporated BrdU is detected using α-BrdU 
antibodies.  My results indicated that under these conditions, BrdU signal decreases 
significantly with time.  Recently, samples from this latest preparation were combed.  My 
results suggest that some fibers are more heavily BrdU labeled than others.  However we 
are having difficulty with BrdU detection by antibodies on combed DNA fibers, 
indicating that this assay needs further optimization.   
srs2∆ deletion strain 
 Srs2 is a 3’-5’ DNA helicase that negatively regulates homologous 
recombination.  srs2∆ strains have a hyper-recombinant phenotype in both fission and 
budding yeast (Doe and Whitby, 2004; Maftahi et al., 2002; Rong et al., 1991).  This 
strain will be very useful in detecting SCE within the DNA combing assay; deletion of 
srs2 should increase the number of exchanges.  I have crossed the srs2∆ strain with the 
cdc25ts, tk, hENT1 strain and will use it as a control to monitor increased rates of SCE.  
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Discussion and Future Directions 
To examine SCE in S. pombe, I have determined experimental conditions in 
which one round of replicated DNA is labeled with BrdU and subsequent rounds of 
replication occur using exogenous thymidine.  My results using these conditions indicate 
a decrease in BrdU signal over time, suggesting that subsequent rounds of replication 
after the initial round do not utilize BrdU but added exogenous thymidine.  Current DNA 
combing results indicate that this method is promising. Future experiments will allow me 
to monitor SCE and equal recombination events by visualizing “patched” DNA 
containing BrdU labeled and unlabeled stretches.  Knowing the rates of equal sister 
chromatid exchange will help to understand how recombinational repair is used.  It will 
open possibilities to exploring the requirements for such exchanges and allow us to 
understand how recombination is involved in cell cycle checkpoints.  
The next step in assay development is to measure the amount of BrdU 
incorporated within the DNA.  Using DNA combing, once the BrdU labeled fibers are 
easily visualized and distinguished from unlabeled fibers I will monitor SCE.  My current 
results indicate that some fibers are more intensely labeled than others.  However, I 
believe that this lack of a clear distinction between labeled and unlabeled fibers is due to 
high background with the anti-BrdU antibodies.  Nonetheless, these results suggest that 
the assay is working.  
In mammalian cells the rate of spontaneous SCE is on the order of 10-5/kb, with 
induced rates as high as 2x10-3/kb (Latt, 1981).  Based on the 10% cell death rate per 
generation of recombination mutants, the rate of spontaneous SCE is estimated to be    
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10-4/kb in yeast (Symington, 2002).  Based on this estimation, and because the average 
length of our combed fibers is ~ 500kb, I expect to detect about 1 SCE per every 2 fibers.  
For my initial experiment, I plan to use the srs2∆ strain to increase the frequency of 
homologous recombination and thus the number of SCE events per fiber.  Once I have 
optimized the assay using this strain I will examine the rates of SCE in wildtype cells.  
BrdU itself increases the SCE rate when cells are exposed to ultraviolet light and 
ionizing radiation (Wojcik et al., 2003).  This may prove to be problematic if I wish to 
use UV and IR to induce SCE.  However, Wojcik et al have used biotin –dUTP to label 
DNA without inducing increased SCE.  It is likely that the biotin will not be able to enter 
the cell through the transporters in yeast, however, there is a new product available that 
may work to solve the BrdU problem.  Invitrogen Click-iT EdU, is a thymidine analog 
just like BrdU, however it contains an ethyl group rather than bromine and it may not 
cause the disruption to the major grove that the bromine does.  The Click-iT EdU can be 
directly labeled with azide-conjugated Alexa-fluors without having to denature the DNA.  
Hopefully, the ethyl group will not cause increased rates of SCE events the way the 
bromine does.  
As discussed in Chapter I, homologous recombination may allow for restart of 
stalled forks or reconstitution of broken replication forks.  Recombination results in 
exchange events punctuated by the creation and resolution of Holliday junctions.  If the 
parental strands are not broken, then the replication forks restart and will lead to SCE, 
and if the parental strand breaks, replication fork restart should also lead to SCE 
(McGlynn and Lloyd, 2002).  My SCE assay will help to elucidate the mechanism of 
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such events by allowing us the opportunity to examine the role of various proteins in this 
mechanism.  
 This assay will provide a great tool for investigating the effects of perfect 
homologous recombination.  This will allow us to further elucidate the role of 
homologous recombination in DNA damage checkpoints, and to discover the genetic 
requirements for equal sister chromatid exchange.  
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Since the beginning of my research, the understanding of individual DNA damage 
pathways has increased.  It is becoming clearer that the MRN complex, which consists of 
Mre11, Rad50 and Nbs1, is critical during multiple steps of DNA repair and that the 
complex plays a role in the S-phase DNA damage checkpoint.  Uncovering the role of the 
MRN complex in the S-phase DNA damage checkpoint has been challenging due to its 
other roles, which are S-phase checkpoint independent.  It was originally hypothesized 
that the MRN complex performs distinct functions in different aspects of DNA 
metabolism, that its checkpoint functions were separate from its checkpoint-independent 
functions.  This hypothesis was based on the human diseases ATLD and NBS and 
separation of function mutants in budding yeast.  However, it appears that this may not be 
the case rather the apparent separation of function mutants in other organisms are 
probably hypormorphs and that they provide enough function for the essential functions 
of the complex and not enough for checkpoint function.   
To elucidate the distinct functions of the MRN complex, I designed mutants based 
on mutations in other species that appeared to result in a separation of function.  I was 
specifically interested in mutants that would have proficient checkpoint-independent 
functions while being defective in checkpoint function, in hopes of discovering the 
biochemical function required for the checkpoint.  As it turned out, most of my mutants 
resemble either wild type or null.  The class III mutants however, have a functional S-
phase DNA damage checkpoint with defective DNA damage repair functions.  These 
properties indicate that the role of the MRN complex in the S-phase checkpoint is 
independent of other better-characterized roles, particularly its role in DNA damage 
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recognition and checkpoint signaling.  Specifically, my data suggest that MRN’s role in 
the S-phase DNA damage checkpoint is independent of its roles in homologous 
recombination and resection of double strand breaks.  This leaves the question of MRN’s 
role in the S-phase DNA damage checkpoint.  
It is possible that the MRN complex role in the S-phase DNA damage checkpoint 
may be to protect replication forks.  Supporting this, Mus81 and Rqh1 are required for 
fork protection and are required in the S-phase DNA damage checkpoint (Willis and 
Rhind, 2008); the MRN complex may perform a similar role.  The role in fork protection 
could involve tethering DNA fragments near the fork.  MRN has been shown to play a 
role in holding chromosome fragments together to prevent loss of genetic material after 
DSBs (Figure IV-1 Kaye et al., 2004; Lobachev et al., 2004; Lisby et al., 2004; Lisby 
and Rothstein, 2004; Williams et al., 2008).  The MRN complex has also been shown to 
bridge DNA molecules in vitro (Chen et al., 2001; de Jager et al., 2001; Trujillo et al., 
2003).  Given this role, I can see a role for MRN in holding DNA ends to preventing 
replication forks from collapsing.  The MRN complex could be holding the pieces of a 
broken replication fork in close proximity to facilitate rapid repair by homologous 
recombination. The MRN complex may act as a tether during normal replication or only 
at times of replication stress.   
There are tethering assays that could be used to investigate the tethering role of 
the MRN complex in the S-phase DNA damage checkpoint.  These same assays could be 
used to determine if the class III mutants are still able to tether DNA ends. The in vivo 
assay involves inserting lacO and tetO arrays into a chromosome on either side of an 
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inducible break site such as I-Sce endonuclease (Lobachev et al., 2004).  Using lacI-GFP 
and tetR-CFP the breaks can be visualized by florescent microscopy.  If the GFP and CFP 
spots remain together the tethering function is intact, however if the two spots are very 
distinct then some tethering function is compromised.  If the Class III mutants are unable 
to tether the broken chromosome together and yet the S-phase DNA damage checkpoint 
is unaffected it would strongly suggest that the tethering function is not vital to the S-
phase DNA damage checkpoint.  This role in tethering could also reconcile my data 
indicating that the MRN complex role in homologous recombination is not required for 
the checkpoint.  
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Figure II-1 The MRN Complex May Act to Tether DNA Ends Together at a Break 
Site 
 MRN complex acts together with a Rad50 dimer and Mre11 dimer and one Nbs1.  
A Zinc promoting Rad50 hook-hook interactions can hold two complexes together.  
MRN could function as shown here to hold an intact sister chromatid close to a broken 
one to facilitate homologous recombination.   
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Another proposed role of the MRN complex is to function during DNA template 
switching.  As shown in Figure I-6 template switching can occur through the use of 
homologous recombination.  Template switching allows the bypass of DNA damage.  
This role would reconcile the results of studies that indicate that the MRN complex is 
required for slowing of replication but slowing does not require MRN’s role of resection 
in homologous recombination.  The MRN complex may hold together the DNA ends 
allowing template switching and a by-pass of DNA lesions during S-phase.  As long as 
no break occurs during the switch, the traditional resection role would be unnecessary.  
Further, supporting a tethering function as the checkpoint role are data that suggest the 
nuclease activity of the MRN is not required for tethering (Lobachev et al., 2004). 
 My data suggest that the nuclease activity of Rad32 (Mre11) is not required for 
the S-phase DNA damage checkpoint.  The Class III nuclease mutant rad32-H134L-
D135V has an intact S-phase DNA damage checkpoint.  Based on experiments with this 
protein from mammalian cells, this mutant is nuclease defective (Arthur et al., 2004).  
However, given that the rad32-H134N mutation is in one of the same residues and this 
mutant acts as a null in most of the assays I performed, it raises the question is rad32-
H134L-D135V really nuclease dead.  Certainly, given more time and resources it would 
be useful to test the nuclease function of all of my mutants.  I would particularly like to 
examine the difference in the nuclease activities between the rad32-H134L/D135V and 
the rad32-H134N complexes.  I may discover that the rad32-H134L/D135V still 
possesses nuclease activity, but it is also possible that very little nuclease activity is 
required for the checkpoint function; this may not be detectable by in vitro nuclease 
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assays.  These nuclease assays require large quantities of purified proteins and would 
need to be expressed in E. coli or in a baculovirus expression system, therefore I was 
unable to perform them as part of my thesis work.  Nuclease assays have been performed 
with mammalian proteins expressed in a baclovirus system and budding yeast proteins 
expressed in E. coli (Paull and Gellert, 1998; Furuse et al., 1998).   
There are other possible explanations for the difference between the rad32-
H134L/D135V mutant and the other nuclease mutants.  Recently, the Russell lab has 
made a rad32-H134S mutant that is not highly sensitive to DNA damaging agents 
(Williams et al., 2008).  They suggested that the nuclease active site in this mutant still 
forms Rad32/Mre11 dimers and that dimerization of Mre11 is critical for MRN function.  
It is possible that rad32-H134L/D135V is able to form Rad32 dimers while rad32-H134N 
cannot.  Williams et al. also suggested that some mutations disrupt only the exonuclease 
activity while others disrupt both the exonuclease and the endonuclease activity of the 
MRN complex.  This hypothesis is another possible explanation for the differences 
between the two mutants; perhaps only the endonuclease activity is required for the S-
phase DNA damage checkpoint and the rad32-H134L/D135V mutant retains this 
function.  
My experiments, as well as those done in budding yeast, have led to the 
conclusion that MRN complex stability is essential for all of its functions (Figure II-7; 
Krogh et al., 2005).  rad32-D25A leaves cells with a null phenotype.  My co-
immunoprecipitation experiments indicate that this mutant no longer binds to Nbs1 and 
that the protein levels of this mutant are significantly decreased.  Krogh et al. showed that 
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nuclease mutants in budding yeast that lack a stable complex are essentially null, whereas 
those mutants that retain complex stability are at least partially functional.  These results, 
as well as in vitro biochemical analyses of nuclease alleles, have lead to the conclusion 
that the nuclease activity is a threshold effect and that the human ATLD and NBS 
phenotypes may be due to sub-threshold of activity rather than a true separation of 
function (Tanya Paull, personal communication).  My co-immunoprecipitation 
experiments also indicated that although the protein levels of some mutants are decreased 
(rad32-N122S and rad32-W215C), the miniscule amount of protein present is fully 
capable of performing its cellular tasks.   
The identification of the MRN cofactor, Ctp1, has greatly enhanced the 
understanding of checkpoint activation of the two central checkpoint kinases, Rad3 and 
Tel1.  It has become clear that both Rad3 and Tel1 can respond to DNA damage and 
activate the S-phase checkpoint.  However, in wildtype S. pombe, Rad3 is responsible for 
responding to all types of DNA damage.  The ability of Tel1 to respond to damage 
appears to be suppressed by rapid resection.  The activation of Rad3 by single-strand 
ends and Tel1 by blunt ends is the same as in mammals where blunt ends activate ATM 
and single-strand ends activate ATR (Figures IV-2-4).  Sae2 performs a similar function 
as Ctp1 in budding yeast.  In the absence of resection by Sae2, Tel1 can be activated 
(Usui et al., 2001).  This Tel1 role in budding yeast is dependent on the MRN complex 
for activation of Tel1.  I hypothesize that the same is true in fission yeast.  Supporting a 
role of MRN in activation of Tel1 is the requirement for MRN to recruit Ctp1 to the sites 
of double strand breaks (Limbo et al., 2007).  These results suggest that the MRN is at 
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the site of breaks ready for a role in activating Tel1.  However, this hypothesis can be 
tested using a deletion of rad32 in the rad3∆ctp1∆ strain.  I would expect that Tel1 
activation will not occur in the triple mutants and the G2/M checkpoint would once again 
be defective.  
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Figure II-2 Fission Yeast Checkpoint Response Pathway 
Different types of damage all activate the Rad3 checkpoint response.  However, 
unresected blunt ends will active a Chk1, Tel1 dependent response (dashed line).  It is 
clear that the MRN is also involved in the slowing of S-phase but how this occurs is 
unclear. 
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Figure II-3  Budding Yeast Checkpoint Response Pathway 
Different types of damage all activate the Mec1 checkpoint response.  However, 
unresected blunt ends will active a Chk1, Tel1 dependent response (dashed line).   
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Figure II-4  Mammalian Checkpoint Response Pathway 
 DSBs activate both ATM and ATR, while events causing ssDNA active ATR 
only.  Solid arrows represent direct phosphorylation events, while dashed lines represent 
indirect events.  
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rad32∆C just like ctp1 is defective in DNA repair functions but retains a 
functional S-phase DNA damage checkpoint.  We originally believed that the C-terminus 
of Rad32 might be where the MRN and Ctp1 interact, either transiently or through a 
DNA interaction. However, after examining the ability of Rad32∆C to restore the G2 
checkpoint in a rad3∆ strain, I discovered that there are differences between the two 
mutants, as Rad32∆C could not restore the G2/M checkpoint.  This does not rule out the 
possibility of the C-terminal being important for Ctp1-MRN interaction, but it does 
strengthen the suggestion that MRN and Ctp1 may have different roles despite both being 
required for resection.   
Major questions in the S-phase DNA damage checkpoint are still at large.  For 
example, why do cells have a S-phase DNA damage checkpoint when they can withstand 
certain types of DNA damage without a functional checkpoint?  The S-phase DNA 
damage checkpoint is important for preservation of the genome.  Perhaps the role of the 
S-phase DNA damage checkpoint is to ensure that replication is completed even in the 
presence of DNA damage.  This would allow the cell to survive long enough to repair the 
damage during the much more critical G2 DNA damage checkpoint.  The MRN complex 
may play a role in the S-phase DNA damage checkpoint through template switching as 
discussed above.   
Another important unanswered question about the S-phase DNA damage 
checkpoint is how replication slowing is achieved.  The DNA replication slowing that 
occurs during the S-phase DNA damage checkpoint could occur through two 
mechanisms, either inhibition of origin firing or slowing of fork progression.  There is 
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evidence for both mechanisms in mammalian cells (Merrick et al., 2004; Henry-Mowatt 
et al., 2003).  In budding yeast however, it appears that the predominant slowing 
mechanism is through inhibition of origin firing. (Tercero and Diffley, 2001; Tercero et 
al., 2003).  In mammalian cells, the inhibition of origin firing is not defective in MRN 
deficient cells, suggesting that the role of the MRN complex in S-phase checkpoint 
dependent slowing is the result of slowing in fork progression (Falck et al., 2002).  
However, recent studies indicate that the MRN complex is recruited to replication sites 
by replication protein A (RPA) (Olson et al., 2007).  Also, Olson et al. suggested that the 
MRN complex plays a role in preventing replication initiation in response to IR.  These 
studies suggest a role for the MRN complex in preventing replication initiation during the 
S-phase checkpoint rather than slowing fork progression.  In MRN deficient cells, 
perhaps its role in preventing origin loading and slowing replication is through the 
MRN/RPA association.  The interaction between the MRN complex and RPA is cell 
cycle regulated (Olson et al., 2007).  The S-phase CDK activity must be high to initiate 
and maintain the interaction between Mre11 and RPA.  Olsen et al. found a conserved 
two conserved aspartic acid residues (DD) in Mre11 that appear to be the RPA binding 
site.  Although this binding site is only conserved in metazoans only, it does not rule out 
a possible interaction between the two proteins in yeast.  The possibility of this 
interaction could be explored first by co-immunoprecipitation and by mass spectrometry.  
It is also possible that the MRN/RPA association is not a mechanism of replication 
slowing in yeast.  In budding yeast, origin inhibition is key to replication slowing, in 
mammals both origin inhibition and slowing of fork progression are important, so in 
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fission yeast it could be either of the previous scenarios or perhaps it is just fork 
progression slowing.   
To determine the role of the MRN complex in fork progression slowing during 
the S-phase DNA damage checkpoint, DNA combing assays are being employed.  Cells 
are grown in the presence of thymidine analogs to incorporate label.  A short pulse of 
label will label the regions right near replication forks.  The DNA will be isolated and 
combed and then the average tract length can be measured.  In cells exposed to DNA 
damaging agents such as MMS the average tract length of labeled fiber will be greatly 
reduced if fork rates are being slowed by activation of the checkpoint (Henry-Mowatt et 
al., 2003; Merrick et al., 2004; Versini et al., 2003).  Fork progression from particular 
origins can be followed using DNA combing in combination with fluorescence in situ 
hybridization (FISH).  Fork progression slowing can also be investigated using density 
shift experiments (Tercero and Diffley, 2001).  In density shift experiments cells are 
grown for several generation in heavy isotopes of carbon and nitrogen, synchronized in 
G1 and released into light isotopes in the presence or absence of DNA damaging agents.  
DNA is isolated, digested with restriction enzymes, and separated on a cesium chloride 
gradient.  The gradient is then fractionated.  Southern blotting can identify the position of 
particular restriction fragments of the chromosome.  Replication can be seen as a 
particular fragment moves from the heavy-heavy fractions of the gradient to the heavy-
light fractions.  One disadvantage of the density shift experiments is that they require 
analysis of replication from an efficient-firing origin as they are measuring the bulk rate 
of fork progression.  This method can also be performed using heavy thymidine analogs 
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rather than heavy isotopes of carbon and nitrogen (Sivakumar et al., 2004).  If fork 
progression slowing is a critical S-phase checkpoint mechanism in S. pombe, further 
experiments will examine the effect MRN complex mutants and my class III mutants 
have on fork progression.  If the MRN is involved in fork progression slowing, then the 
MRN mutants will have rapid fork progression even in the presence of DNA damaging 
agents.  If the fork progression slowing is the MRN role in the S-phase DNA damage 
checkpoint, I would anticipate that the Class III mutants would also fail to slow their fork 
rates in the presence of damage.  These experiments will help to elucidate the role the 
MRN complex plays during DNA fork progression.  
The MRN complex is involved in homologous recombination; it is a likely 
candidate for playing a role resulting in SCE.  An assay to examine equal sister chromatid 
exchange will be very useful in understanding the process of homologous recombination.  
This assay will provide a tool to investigate the role of recombination in replication and 
help to understand the role the MRN complex plays during homologous recombination.  
Several questions can be addressed through this type of assay:  do the components of 
SCE include the MRN complex, is its role during SCE due to its nuclease activity or to its 
tethering functions?  Also the assay will be able to address the role of recombination in 
the S-phase DNA damage checkpoint, specifically does SCE cause slowing of fork 
progression.  
Many studies relating to the role of the MRN complex have resulted in different 
results in the various species studied.  For example, the MRN is required for non-
homologous end joining in budding yeast while this function is not required in fission 
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yeast and metazoans.  Also, the MRN complex is required for the G2/M checkpoint in 
mammalian cells while its is not required for this checkpoint in budding and fission yeast 
(Kang et al., 2002; Williams et al., 2002; Chahwan et al., 2003).  Until recently it was 
hypothesized that the central checkpoint kinases had distinct functions in different 
species as well.  
My research has contributed to elucidating the roles of the MRN complex and to 
understanding how the S-phase DNA damage checkpoint is activated.  We now know 
that Tel1/ATM is activated in response to DNA damage that results in a double strand 
break while Rad3/ATR is activated in response to other types of DNA damage as well as 
those DSBs that are resected into single-strand ends.  The MRN complex plays a role in 
the S-phase DNA damage checkpoint that is distinct from its roles in checkpoint 
activation, signaling and resection of DSBs.  It is possible that the MRN complex is 
involved in holding DNA ends together as a mechanism of tolerance of DNA damage so 
that more rigorous repair can occur during G2.  The role could also be in stability of 
damaged DNA end in stabilizing forks.  
We do know that the MRN complex is crucial in preserving genomic stability.  
The MRN complex functions in repair and checkpoint prevention of genetic damage from 
both endogenous and exogenous sources of DNA damage.  The MRN complex also plays 
a role in multiple pathways and may assist in guiding the cell to choose the right DNA 
repair pathway based on the type of damage.  
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